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ABSTRACT

Diesel-powered engines are a common source of submicron carbon-rich particles.
Characterizing morphological and physical attributes of diesel agglomerates is therefore
of great importance to be able to identify the source and improve removal technology.
Size-segregated sampling was conducted in two phases of underground experiments.
Scanning transmission electron microscopy and fast mobility particle sizers were used to
determine the size distribution of agglomerates based on particle mobility and projected
area diameter. Controlled zone sampling test results were used to determine the
morphological characteristics of agglomerates for specific types of diesel equipment both
with and without removal strategies. Changes in fractal dimension, shape factor and
primary particle diameter were observed for examined control strategies as well as light
duty and heavy duty engines. Samples collected from uncontrolled zone showed higher
fractal dimension of chain-like agglomerates. Volatile carbon particles were found on the
surface of dust particles at the interaction point with diesel agglomerate. EDS
measurements were used to identify chemical traces of dust related elements and identify
the source of chain-like agglomerates. Controlled zone results showed the size
distribution decreased for the agglomerates emitted from engines with newer technology.
Three types of chain-like agglomerates were identified during image analysis: chain-like
agglomerates with graphitic structure, amorphous carbon-rich agglomerates, and chainlike agglomerates with intrinsic catalyst. Size segregated sampling followed by
microscopic and chemical analysis assisted to determine detailed characterization and
source apportionment of aerosols in the underground atmosphere.
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1. INTRODUCTION

Diesel equipment are used in underground mines for various purposes. Submicron
aerosols are the product of diesel engines (Cantrell et al., 1993). There are several sources
of carbon other than diesel engines, such as oil mist from drilling operations, cigarette
smoke, and suspended carbonate dust in ore (Zielinska et al., 2002; McDonald et al.,
2003; Noll et al., 2006). Continuous monitoring using various monitoring devices and
statistical analysis would help mines to design and implement control strategies to reduce
the exposure of miners to diesel particulate matter (DPM). Kittelson (1998) classified
diesel aerosols in three modes: nucleation mode (3-30 nm), accumulation mode
(30-500 nm), and coarse mode (>500 nm). The size distribution of nucleation mode
aerosols contribute to number concentrations of aerosols, but not to the particle total mass
(Bugarski et al., 2012).
Long-term occupational exposure to diesel exhaust has been found to have various
adverse pulmonary, cardiovascular, and other health outcomes (Peters et al., 2017; Attfield et
al., 2012; Silverman et al., 2012; Power et al., 2011; Mills et al., 2005). In 2012, the
International Agency for Research on Cancer classified diesel exhaust as a Group 1
carcinogen (IARC, 2012). Aerosols in underground mining operations can be traced back to
various mechanical and combustion processes (Cantrell and Volkwein, 2001; Rubow et al.
1990). In some cases, submicron aerosols in underground mines could be traced to various
non-diesel related sources introduced to the workings via ventilation systems such as
explosions (Saarikoski et al., 2017), welding, drilling, and cigarette smoking (McDonald et
al., 2003), general area pollution (Skubatz et al., 2017), forest fires, or intake air heating
processes.
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A large number of diesel engines of various vintages are currently used in
underground mines in the U.S. and around the world (MSHA, 2016; The Parker Bay
Company and Raw Materials Group, 2012). In general, those meet a variety of
superseded and current emissions standards (61 Fed. Reg. 55411; EPA, 2016; EU, 2004;
EU, 2016) and contribute differently to the concentrations of submicron aerosols in the
underground environment (NIOSH, 2006a, NIOSH, 2006b). Technology forcing
emission regulations, promulgated over the past few decades (69 Fed. Reg. 38957, EU,
2004; EU, 2016), stimulated dramatic advancements in diesel engine and exhaust
aftertreatment technologies. Those advancements resulted in major reductions in
emissions levels and changes in the properties of emitted aerosols (Ruehl et al., 2015;
Khalek et al., 2015).
At the present time, the Mine Safety and Health Administration (MSHA) only
regulates the DPM limit in Metal Non-Metal(M/NM) underground mines (30 CFR
57.5060), based on gravimetric methods. Since then, the mining industry has focused on
implementing various engineering controls and new technologies to reduce the exposure.
A detailed knowledge of the size, structure, morphology, fractal dimension and
composition is required to characterize the particulates in order to identify the source and
formation process as well as improve removal strategies.
The objectives of this research are to investigate the interaction between dust
particles and diesel particulate matter (DPM) in the mine environment associated with
specific engine types, evaluate the effectiveness of control strategy in DPM reduction and
morphological characteristics of agglomerates, source apportionment of agglomerate by
assessing carbon-rich primary particles and characterize aged and fresh particles in the

3
mine air . To achieve this, a size segregated sampling methodology is outlined in Section
3. The methodology consists of using a multi-stage impactor along with TEM grids in
specific impactor stages. The sampling was conducted in two phases. In the first phase,
controlled zone sampling was used to understand the size distribution and morphological
characteristics of selected engines. Several pieces of diesel equipment were tested in the
controlled zone. During the second phase, sampling was conducted during general
mining activity with diesel equipment operating in the presence of background dust.
In order to investigate the interaction of dust and diesel agglomerates in
uncontrolled zone, Energy Dispersive Spectroscopy (EDS) and microscopic image
analysis were added to the real-time measurements. The morphological and chemical
attributes associated with each control strategy (passive and active diesel particulate
filters, new personnel carrier and EPA Tier IVf engine) is further analyzed in Section 4.
Furthermore, characterization of agglomerates from the Light Duty (LD) and Heavy Duty
(HD) engines is discussed by investigating Fast Mobility Particle Sizer (FMPS) size
distribution and image analysis results from Scanning Transmission Electron Microscopy
(STEM). Additionally, the effectiveness of implemented control strategies was evaluated.
Section 5 includes detailed analysis of carbon-rich primary particles and volatile
compounds with larger particles collected during uncontrolled sampling zone. The EDS
results were used to identify the traces of elements in large agglomerate and determine
source using chemical and morphological attributes. In addition, the results of EDS
analysis for agglomerates collected in controlled zone is discussed in Section 5. The high
magnification S/TEM image analysis is further discussed in Section 5 to identify the
types of primary particles identified in this study.

4
This work is important to assessment and improvement of the working
environment by characterizing diesel agglomerates present in the underground mine
atmosphere and to evaluate the effectiveness of current control strategies. In addition, an
understanding of the interaction between carbon-rich and volatile compounds along with
morphological characteristics, will assist with source apportionment of particles. These
findings will also help to improve meaningful underground diesel sampling and
measurement in the mining industry.
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2. LITERATURE REVIEW

Diesel equipment is used in underground mines for various purposes. In metalnonmetal (M/NM) mines, diesel engines should meet the EPA ratings (30 CFR 57.5067)
on particulate matter emissions. The mixture that is emitted from diesel engines is a
combination of gas and particle components according to 30 CFR, 2001b. In M/NM
mines, the Mine Safety and Health Administration (MSHA) limits the personal exposure
to Diesel Particulate Matter (DPM) based on total carbon to 160 μg TC /m3 during an
8-hour shift (30 CFR 57.5060). Total carbon is the combination of Elemental Carbon
(EC) core, Organic Carbon (OC) and inorganic compounds (Bugarski et al. 2012). In coal
mines MSHA requires 2.5 g/hr for permissible and non-permissible HD equipment and
5 g/hr for non-permissible LD diesel vehicles. In M/NM mines, gravimetric sampling is
used for compliance purposes.

2.1. DPM MONITORING MEASUREMENT METHODOLOGIES
Overall DPM concentration in underground mines can be measured using
gravimetric and optical approaches. Time-weighted average measurements can be used to
determine the average concentration of EC and OC during the course of a sampling
period.
2.1.1. Gravimetric Sampling. The National Institute for Occupational Safety and
Health’s (NIOSH) published DPM monitoring methodology is known as method 5040.
This approach is widely used in M/NM mines for compliance purposes. The DPM sample
is collected on a 37 mm quartz fiber filter and consists of elemental and organic
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components (Birch, 2002). This technique has some known drawbacks. In underground
mines, the measurement can be impacted due to interference of mechanically generated
particles present in the ore and/or entrained dust (McCartney & Cantrell, 1992). Noll et
al. (2005) found the presence of carbon in the dust affected the OC results more than EC.
The presence of carbon in sub-micrometer scale aerosols impact the NIOSH 5040 results
even if a size selective sampler is used (Birch, 2002; Chemerynski and Wheeler, 2003).
The DPM samples collected in an underground mine would ideally represent the
personal exposure of a miner to TC and EC during a shift, when the pump is used and
worn by the miner. The artifacts in the mine air affect the OC fraction of TC, which could
lead to potentially overestimating the miner’s exposure to the TC. The NIOSH 5040
method consists of a pump at the 1.7 Lpm to be worn by a miner at all times during the
shift. The inlet of the pump is attached to a 10 mm cyclone via tubing. A 37 mm DPM
cassette is placed in the cyclone with a cut off point of 0.4 μm. The air is drawn into the
cyclone and impactor with a cut-off point of 0.8 μm where particles smaller than the cutoff point are deposited on the Quartz Fiber Filter (QFF). The majority of dust and
mechanically generated particles have been eliminated during this process. However, all
carbonaceous particles smaller than 0.8 μm are collected on the sampling media. Once
the sampling is completed, the cassette is sent to the laboratory and a 1.5 cm2 piece of
filter is analyzed using the thermo-optical method where the separation of EC and OC
can be seen on thermographs.
2.1.2. Real-time Monitoring. There are several commercial real-time monitoring
devices available to measure DPM concentration in underground mines. The main
advantage to these techniques is that the results are readily available in the field. Current
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real-time DPM devices can provide Time Weighted Average (TWA) or continuous
readings. The working principle of most real-time devices is an optical sensing
technology. At the moment, real-time devices are not recognized by MSHA as acceptable
for compliance purposes.
While gravimetric and real-time measurements are convenient, neither
methodology provides direct information on the size, number concentration, or
morphological characteristics of the sampled particles. The size distribution of aerosols
during a sampling period characterizes the particulate source. The larger particles
contribute to mass distribution whereas particles in the lower spectrum of size
distribution have minimal impact on the mass distribution. In addition, size distribution of
particulates provides useful information about the engine technology and EPA tier
configurations. Therefore, size segregated sampling and monitoring has been used in this
research to categorize the particulates according to particle diameter and chemical
composition.

2.2. DPM STRUCTURAL COMPONENTS CHARACTERISTICS
Thermal optic analysis is widely used to separately identify the total mass of EC
and OC of the particulate collected on the sample. The complex composition of diesel
particulates vary based on engine operating condition, fuel and lubrication oil and
filtering technology (HEI, 2002; Bugarski et al., 2012). The EC portion is mostly solid
and is burned in the combustion process along with oxygen (Kittelson et al., 1986;
Kittelson, 1998). For analysis purposes, EC is considered a better surrogate as opposed to
OC as it makes 30% to 90% of diesel exhaust (Birch, 2016; Birch and Cary, 1996). The
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OC portion is not entirely oxidized (Heywood, 1988) and is a combination of volatile
compounds which could attach to EC or larger particles (Bugarski et al., 2012).
Kittelson et al. (2004) noticed that the diameter of particulate emitted from
engines varies with the engine operating conditions. In addition, the size of particulate
diameters follows log normal distribution in three modes (Kittelson, 1998). The mobility
diameter of agglomerates can be measured using real time instruments to investigate the
diesel particulate matter formation process. The formation of diesel agglomerates
consists of three processes: nucleation mode (3-30 nm), accumulation mode (30-500 nm),
and coarse mode (>500 nm) (Kittelson, 1998; Jacobson et al., 2005; Du and Yu, 2006;
Holmes, 2007; Mustafi and Raine, 2009).
All three stages of diesel agglomerate formation mentioned above are dominated
by particles that are smaller than the mechanically generated dust particles found during
mining activities (Cantrell and Volkwien, 2001). Due to the size distribution of
particulates in accumulation mode, these particulates contribute to a considerable portion
of DPM mass. Bugarski et al. (2012) mentioned that chemical composition of particulate
in accumulation mode was found to be carbonaceous core with volatile organic
compositions. He also found that traces of other elements and sulfur in nucleation mode
particulates were mostly found to be volatile organics. The nucleation particles contribute
primarily to number concentration but not to mass concentration (Schnakenberg and
Bugarski, 2002).
It is important to note that mass-based (gravimetric) measurements do not take
other attributes and characteristics of aerosols into account. Nor can the source of
emission be identified using the mass-based approach, as this approach collects all
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particulate in the mine’s atmosphere. Laboratory and environment particulate analysis
consists of investigating size distribution of particles in the air. Weinbruch et al. (2015)
studied carbon-rich particles and source apportionment in smelter buildings. Obtaining
the agglomerate morphological and physical parameters such as size distribution, shape
factor and primary particle type could improve the control strategy and risk management
applications (Park et al., 2004; Chakrabarty et al., 2006; Bugarski and Hoover, 2009;
Mustafi and Raine, 2009).
Identifying morphological characteristics of the particulate associated with each
source requires size selective sampling in all ranges (nucleation, condensation and
accumulation). Size selective sampling (morphological analysis) was therefore used,
along with real time size and number distribution monitoring, to address the
shortcomings of the gravimetric method.

2.3. PARTICLE SIZE DISTRIBUTION AND PROJECTED PARAMETERS
Particle size distribution can be obtained using real-time monitoring devices
equipped with size multi-stage impactor. In order to study the structural properties of
individual agglomerates, size segregated sampling is used. Microscopic approaches are
used to obtain projected parameters associated with each agglomerate, which can be used
to further analyze the nanostructure of agglomerates.
2.3.1. Size Selective Sampling. A microscopic approach is widely used to study
the individual nanostructure of agglomerates. The technique can also be utilized to
investigate the structural changes occurring during the formation process (Chen et al.,
2005). The sampling methodology consists of placing TEM grids on a filter (Mathis et
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al., 2004, 2005). Depending on the sampling instrument, the grid can also be taped to a
substrate (Park et al., 2003). The grids are typically copper base, 200 to 400 mesh grids
coated with carbon and a Formvar film (Park et al., 2003, 2004; Mathis et al., 2005;
Lapuerta et al., 2006). The use of a pre-coat layer of Au and Pd alloy on the grids has also
been reported in diesel studies literature (Duran et al., 2002; Chen et al., 2005).
Differential Mobility Analyzers (DMA) and Electrical Low Pressure Impactors
(ELPI) are also widely used to collect the samples for S/TEM analysis (Park et. al., 2003,
2004; Mathis et al., 2004). DMA classifies the submicron aerosols with respect to their
electrical mobility (Song et al., 2006). ELPI+, developed by Dekati (Dekati Ltd.
Kangasala, Finland), is a real-time monitoring and sampling instrument with a multistage (14 stages) impactor. The ELPI+ is capable of continuous real-time measurements
of particle size distribution and concentrations. It could also be used for real-time particle
charge distribution for gravimetric measurements (Dekati Ltd). ELPI+ uses aerosol
aerodynamic diameter (𝐷𝑎𝑒 ) to classify the particles in the nominal cutoff size (𝐷50%𝑎𝑒 )
ranging between 0.0060 μm to 10μm with 10 Hz sampling rate (Dekati Ltd. ELPI+
calibration sheet).
Figure 2.1 shows the ELPI+ operating principle. Particles are charged to a known
level as they enter the cascade impactor. The charged particles enter the low pressure
impactor with 14 stages and substrates. Each stage is equipped with sensitive
electrometers which measure the particle charge in real-time while particles are deposited
into various stages based on the aerodynamic diameters. The measured current is then
translated to the size distribution and number concentration (Dekati Ltd).
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Figure 2.1. ELPI+ monitoring and sampling operating principle (courtesy of Dekati Ltd).

Fast Mobility Particle Sizer (FMPS) are used to measure the size distribution of
aerosols according to mobility diameter (Dmobility). The projected area equivalent diameter
(Dprojected) can be obtained using S/TEM analysis on the agglomerates collected on the
TEM grids during a size segregated sampling. Thus Dprojected is calculated using the
projected parameters obtained during image analysis, which will be discussed in the next
section. Together, size segregated sampling and Scanning Transmission Electron
Microscopy (S/TEM) are used to study the size distribution and morphological attributes
of fractal-like agglomerates.
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2.3.2. Scanning Transmission Electron Microscopy Projected Parameters.
The S/TEM analysis is used to obtain the physical and projected parameters of
agglomerates such as number of primary particles (𝑛𝑝 ), diameter of primary particle
(𝑑𝑝 ), primary particle projected area (𝐴𝑝 ), agglomerate projected area (𝐴𝑎 ) and projected
area equivalent diameter (Dprojected) and maximum width (Wmax). Figure 2.2 illustrates the
projected parameters, with 𝑛𝑝 calculated using Equations (2.1) and (2.2).

Figure 2.2. Measurements of projected values of primary and agglomerate.

2𝑅𝑔

𝐷𝑓

𝑛𝑝 = 𝑘𝑓 ( 𝑑 )
𝑝

(2.1)

where dp is the primary particle diameter and kf is a dimensionless prefactor. The values
of kf depend of the nature of the agglomerate, and Rg is the distance from center of
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gravity of the agglomerate to the center of individual primary particle (Lee et al., 2003;
Zhu et al., 2004; Lapuerta et al., 2006). In this study, the three-dimensional values of np
and Rg are used with the agglomerate projected area and primary particle projected area
using Equation (2.2) (Samson et al., 1987; Meakin et al., 1989; Megaridis and Dobbins,
1990; Koylu et al., 1995; Brasil et al., 1999; Park et al., 2004).

𝐴

𝛼

𝑛𝑝 = 𝑘𝛼 (𝐴𝑎 )
𝑝

(2.2)

where Aa is the agglomerate projected area, Ap is the primary particle projected area, and
𝑘𝛼 and α are empirical constants. Furthermore, Dprojected is the diameter calculated from
projected value of Aa.
The projected values are used to study the morphological attributes of aerosols
such as fractal dimension (Dfl) and shape factor (minor axis/major axis) (Mathis et al.,
2004; Park et al., 2004; Chen et al., 2005; Chakrabarty et al., 2006; Lapuerta et al., 2006;
Mustafi and Raine, 2009). The TEM high resolution imaging analyses are performed to
study the individual primary particle of ultrafine aggregates (Chen et al., 2005). Vander
Wal (1998) determined that Dark Field (DF) TEM imaging technique was better to study
the structure and crystallinity of particle agglomerates, and Bright Field (BF) TEM was
better to reveal the density and composition of agglomerates.
2.3.2.1. Sampling conditions impact on distribution of Dprojected and Dmobility.
The Dprojected can be obtained during image analysis. Rogak and Flagan (1993) found
similar values of Dprojected at Dmobility of 400 nm for TiO2 and Si agglomerates. Park et al.
(2004) also found similar values for diesel generated agglomerates at Dmobility of 50 nm to
220 nm and suggested that Dprojected equals to Dmobility. The distribution charts of the
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mobility and projected diameters may not be exactly similar due to some sampling
challenges and agglomerate counts. Park et al (2004) explained that fragmentation of
larger agglomerates during ELPI (Low Pressure Impactor) sampling at certain Dmobility ,
contributed to the higher counts of Dprojected. Similar fragmentation was also reported by
Froeschke et al. (2003) using a single-stage ELPI. Park et al. (2004) found a power
relationship of 1.26 between Lmax and Dmobility for diesel agglomerates emitted from diesel
engines.
2.3.2.2. Engine type and operating conditions impact on Dprojected and Dmobility.
Chakrabarty et al. (2006) reported values of 1.22 to 1.28 for relationship between Lmax
and Dprojected for the Light Duty (LD) agglomerates. Kittelson (1998) classified the
agglomerates as fine particles for Dmobility smaller than 2.5μm, ultra-fine with Dprojected
smaller than 0.1 μm and nanoparticles smaller than 0.05 μm. Chakrabarty et al. (2006)
determined the number size distribution of diesel agglomerates emitted from three LD
engines. They observed that the Dprojected of agglomerates fit a bimodal distribution with a
small mode ranging from 93 nm to 160 nm. Mustafi and Raine (2009) tested a LD engine
in different loads and fuels and found bi-modal number size distributions with nucleation
mode (Dprojected < 100 nm) and accumulation mode where Dprojected ranges from 100 nm to
1000 nm. Mustafi (2008) explained the peaks at nucleation mode with higher emission of
soluble organic fraction of volatile particles in high engine modes. Mustafi and Raine
(2009) reported average value of Dprojected = 50 nm in nucleation mode. They reported
values of 140 nm to 160 nm for low load condition in accumulation mode. They reported
higher values of Dprojected = 280nm for high load engine conditions similar to 250 nm and
230 nm reported by Figler et al. (1996) and Lapuerta et al. (2003).
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Shape factor (SF) is used to characterize the irregularity of the agglomerate. Nord
et al. (2004) computed SF as the ratio of minor axis to major axis. They noted that SF
keeps agglomerate elongation, since a value closer to 0.1 indicates chain-like
agglomerate, whereas 1.0 represents a perfectly spherical particle. Mustafi and Raine
(2009) found lower SF values for LD equipment at high loads compared to those of low
engine loads.
The particulate matter can be divided into organic carbon and elemental carbon
(Chen et al. 2005). Chow et al. (2007) noticed during optical analysis that the most
thermally carbonaceous component is elemental carbon. Mathis et al. (2004) tested an LD
diesel vehicle (diesel vehicle with particulate filter and DISI) under different loads. They
found a reasonably similar size distribution in accumulation mode between SMPS and
TEM image analysis, with TEM size distribution higher than that of SMPS. They further
explained that the primary particles of agglomerates are distributed and formed in
accumulation and nucleation modes. Numerous studies investigated the various variables
such as lubricating oil fuel sulfur content and temperature in the formation of volatile
components in a combustion process (Abdul-Khalek et al., 1999, 2000; Ntziachristos et
al., 2000; Mathis, 2002, Maricq et al., 2002). Kyto et al. (2002) found that the lubrication
oil in HD engines could increase the size distribution of small particles in nucleation
range.

2.4. CHEMICAL COMPOSITION AND VOLATILE PARTICULATES
Energy Dispersive Spectroscopy (EDS) can be used to determine the chemical
and elemental composition of nanostructure particles (Wentzel et al., 2003; Braun et al.,
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2004; Mathis et al., 2004; Chen et al., 2005; Weinbruch et al, 2015). Chen et al. (2005)
noticed slightly higher counts Carbon/Oxygen (C/O) ratio in EDS results compared to
charcoal samples. Additionally, they noticed that carbonaceous primary particles may be
covered by alkaline elements such as Na, Mg and Ca, which could help to uniquely
identify the source of agglomerates.
Weinbruch et al. (2015) reported the arithmetic C/O ratio of 12.6 to 20.5 for the
chain-like soot agglomerates in various sampling stations. They concluded that the Si Ka
peak and Cu L peak in the energy spectrum were from the substrate and TEM grid. They
also noticed significant peaks of Na, Al and F in the energy spectrum of amorphous
carbon-rich agglomerates which were assumed to be semi-volatile organic carbon. They
concluded that diesel engines can be excluded as the source of amorphous agglomerate
and most likely do not contribute to the EC fraction.
Weinbruch et al. (2015) studied chemical composition of agglomerates and single
carbon-rich primary particles in the workrooms of smelters. They identified three types of
carbon-rich particles, chain-like particles, carbon nanotube and amorphous particles
which most likely consist of organic compounds. They used chemical composition results
to correlate the primary particle diameter and carbon to oxygen (C/O) ratio. They used
size and chemical composition to identify sources of three types of carbon-rich particles
and noticed the impact of background air could not be excluded from the results.
S/TEM has been used to study the volatile and semi-volatile compounds of diesel
agglomerates. Mathis et al. (2004) classified the primary particles in solid and volatile
ones which could form in nucleation and accumulation modes. Kyto et al. (2002)
reported a high number concentration of small particles emitted from HD engines which
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Sakurai et al. (2003) explained that these particles were mostly the product of unburned
organic compounds. A previous study from Shi et al. (1999) showed reasonable results of
SMPS and TEM number size distribution of agglomerates emitted from HD engines
where volatile compounds were observed. Mathis et al. (2004) observed volatile
nanoparticles in analysis of agglomerates collected using particle trap from LD engine.
They found a larger mode between the TEM size distributions compared to SMPS
readings. The volatile particles are susceptible to beam damage as Mathis et al. (2004)
explained three evaporation stages during which primary particles were damaged and
evaporated in 30 seconds. They further explained challenges to conducting EDS analysis
on unstable volatile agglomerates. They found counts of S and K in their analysis,
suggesting hydrophilic composition of the volatile particles. Park et al. (2004) found
removing the volatile organic decreased the mobility diameter. The loss of condensed
volatile particles could explain the difference between projected area diameter and
mobility diameter.

2.5. APPLICATION SPECIFIC MORPHOLOGICAL CHARACTERISTICS
Diesel agglomerates are the result of an incomplete combustion process where
solid primary particles are formed in a fuel-rich environment (Kittelson, 1998; Lapuerta,
2006). The diesel agglomerates are composed of carbon-rich primary particles with solid
EC core (Kittelson, 1998; Chen et al., 2005; Liati and Eggenschwiler, 2010; Bugarski et
al., 2012). The morphology and structure of carbonaceous primary particles vary based
on the sources and formation process (Chen et al., 2005, Weinbruch et al., 2015).
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2.5.1. Fractal Dimension Particulates Characterization. Fractal dimension (Df)
commonly is used to characterize the complex structural morphology of nanoparticle
agglomerates. The Df is a function of radius of gyration (Rg) and average diameter of
primary particles (𝑑𝑝 ) of agglomerates (Megaridis and Dobbins, 1990; Koylu et al., 1995;
Oh and Sorenson, 1997; Lee et al., 2003; Park et al., 2004; Song and Lee, 2007). Df is the
slope of linear fit line of np and 𝐿𝑛(2𝑅𝑔 ⁄ 𝑑𝑝 ). Lee et al. (2003) measured a fractal
dimension of 1.46 to 1.70 for Light Duty (LD) engines. They also found higher Df , 1.80
to 1.88 for High Duty (HD) engines. The Df for a spherical particle is 3 (Bugarski et al.,
2012). The fractal dimension based on maximum length (Dfl) can be used instead of Rg
(Samson et al., 1987; Koylu et al., 1995; Brasil et al., 1999; Park et al., 2004; Neer and
Koylu, 2006; Mustafi and Raine 2009). Chakrabarty et al. (2006) tested three LD diesel
engines in different modes and identified that the values of Df and Dfl were reasonably in
agreement. Oh and Sorenson (1997) found that the value of Dfl varied with respect to the
overlapped primary particle. Koylu et al. (1995) suggested values of α = 1.09 and
prefactor 𝐾𝛼 = 1.15 to calculate number of primary particles. Oh and Sorenson (1997)
suggested α = 1.19 and prefactor 𝐾𝛼 = 1.81 which will consequently increase the number
of primary particles in diesel agglomerates. Park et al. (2004) tested a LD diesel engine
and used both approaches and obtained Dfl of 1.61 versus 1.75. Wentzel et al. (2003)
studied 37 diesel agglomerates with dp of 22.6 ± 6.0 and used the Brasil et al. (1999)
approach to determine Df of 1.70 ± 0.13. Zhu et al. (2004) obtained Df of 1.88 for HD
particles generated under stoichiometric condition explained by Lee et al. (2001). They
also obtained lower value of Df 1.65 which particles were shaped similar to LD diesel
agglomerates reported by Lee et al. (2003) and Zhu et al. (2003). Lee et al. (2003) tested
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LD engine with direct injection fuel system at 0 percent to 100 percent load. They found
that primary particle reduced in size with engine loads. They also determined the Df
based on Rg of 1.5 to 1.7 which was reportedly smaller than that of HD engines. The
lower values of Df and/or Dfl suggest a more chain-like agglomerates (Lee et al., 2002;
Lee et al., 2003; Mustafi and Raine 2009).
Soot agglomerates consist of primary particles with similar geometries. Lee et al.
(2003) and Zhu et al. (2003) found the primary particle can be assumed as uniform sphere
particles even though mean and standard deviation of particle diameter varies with
different engine conditions. The power law relationship for soot particles is proven to
work well for a smaller number of primary particles (np < 200) (Zhu et al., 2003; Park et
al., 2004; Lapuerta et al. 2006, Mustafi and Raine, 2009). Literature also shows that np
has a relationship with the overall size of soot agglomerate which can be determined by
radius of gyration (Rg) (Megaridis and Dobbins, 1990; Koylu et al., 1995; Oh and
Sorensen, 1997; Park et al., 2004; Neer and Koylu, 2006; Song and Lee, 2007; Mustafi
and Raine, 2009).
In this research, the power law relationship approach is used to identify fractal
dimension of soot agglomerates using Equation (2.1). In this study, the three-dimensional
values of np and Rg are used with correlating the agglomerate projected area and primary
particle projected area using Equation (2.2). Extensive morphology studies have been
conducted on the values of these constants. Koylu et al. (1995) suggested values of
α=1.09 and 𝑘𝛼 = 1.21 to calculate the fractal dimension for the agglomerates. Oh and
Sorenson (1997) considered the primary particles overlapping parameter (d) and
suggested the values of α=1.19 and 𝑘𝛼 = 1.81 when d=2. The overlap parameter is the
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ratio of the primary particle diameter to the distance between the centers to touching
primary particles. One number of primary particles is obtained using Equation (2.3), and
the Rg could also be extracted using projected properties. Several studies also show the
fractal dimension can be estimated using maximum length of the agglomerate (Lmax)
(Koylu et al., 1995; Park et al., 2004; Neer and Koylu, 2006; Mustafi and Raine, 2009).

𝐿𝑚𝑎𝑥

𝑛𝑝 = 𝑘𝛼 (

𝑑𝑝

𝐷𝑓𝑙

)

(2.3)

where 𝑘𝑙 is a correlation prefactor and 𝐷𝑓𝑙 is the fractal dimension with maximum
projected length. Several studies show that the 𝐷𝑓𝑙 (fractal dimension based on maximum
projected length) and 𝐷𝑓 (fractal dimension based on radius of gyration) have identical
values (Chakrabarty et al., 2006; Mustafi and Raine, 2009).
2.5.2. Laboratory Tail Pipe Sampling Characterization. Tail pipe exhaust
sampling is often used to analyze morphological characterization of diesel agglomerates.
Chen et al. (2005) observed carbonaceous chain-like agglomerates which were the
product of diesel combustion, and showed a spherical primary particle. They noticed two
types of carbon-rich primary particles. They reported primary particles with an onionshell structure where graphitic concentric layered parallel structure around a single
nucleation center. The second reported type was multiple “growth centers” with a
graphitic structure which was formed during nucleation and collided to form a larger
agglomerate.
The primary particles are spherical and reported with a diameter ranging from
10 nm to 45 nm (Lee et al., 2003; Maricq and Xu, 2004; Mathis et al., 2004; Park et al.,
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2004; Zhu et al., 2004; Chakrabarty et al., 2006; Lapuerta et al., 2006; Mustafi and Raine,
2009; Weinbruch et al., 2015). The diameter of the primary particle is related to the
engine load and type of fuel that is used (Lee et al., 2003; Park et al., 2004; Mathis et al.,
2005; Luperta et al., 2006; Mustafi and Raine 2009) with the diameter decreasing under
higher engine loads (Mathis et al. 2005). Mustafi and Raine (2009) also found that the
diameter of the primary particle decreased as the engine operating condition changed to
high load. Bugarski et al. (2012) concluded that primary particles with solid EC core in
accumulation mode have considerable large surface area to adsorb volatile organic and
metal particles.
Previous research described that for the flame-generated agglomerates the
primary particle diameter follows a normal distribution with standard deviation of
25 percent (Koylu and Faeth, 1999). Lee et al. (2001) measured the primary particle
diameter of 28.5 nm to 34.4 nm where normally distributed for diesel agglomerates. Also
for diesel agglomerates, Park et al. (2004) also measured normally distributed data with
mean primary particle diameter of 31.9 nm and standard deviation of 7.2 nm. Mustafi and
Raine (2009) measured average diesel primary particle diameter value of 26 nm.
In order to obtain real agglomerate attributes under real operating conditions,
sampling needs to be conducted in an isolated (without background air) environment to
identify each source (engine’s) baseline. Additional sampling with including background
air is the necessary to understand the interaction of background particles with the source
carbon-rich agglomerates.
2.5.3. Control Strategies Primary Particle Characterization. Mitigation
strategies are used in underground mines to control emission rate. The effectiveness and
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mechanism of each control strategy impacts morphological characteristics. This change
should be taken into account in source apportionment analysis. Liati and Eggenschwiler
(2010) used High Resolution Transmission Electron Microscopy (HRTEM) to study the
effect of Diesel Particulate Filters (DPF) on carbon nanostructures. They noticed
disorganized graphitic structure as the result of higher engine temperatures.
Utilizing EPA Tier IVf engines is a control strategy used both in above surface
and underground industries. Particulate morphological characterization of each mitigation
strategy is necessary to identify the source of the particle. The sampling environment has
a critical impact on microscopic analysis and the interaction of background particles
(such as dust, volatile carbonaceous compounds) must be taken into account.
Liati and Eggenschwiler (2010) studied two Diesel Particulate Filters (DPF).
They observed carbonaceous components with amorphous to graphitic crystalline
structure where various factors could impact the formation. They also explained the
changes in soot nanostructure while receiving a thermal treatment and oxidative
processes. They further suggest amorphous carbon is removed during oxidization
compared to graphitic carbon. Liati and Eggenschwiler (2010) concluded that the primary
particles observed from passive DPF system had more arranged graphene layers which
was the result of higher temperature in that DPF. Vander Wal et al. (2007) observed that
oxidization decreases the reactivity of carbon and revealed different internal
nanostructures. Song et al. (2007) also explained that oxidization could change the
nanostructure of primary particles, which leads to weaker intensity of dark field images
due to lack of layered graphene layers.
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2.6. MOTIVATION AND ORIGINALITY OF PRESENT STUDY
Previous studies using tail-pipe sampling on the LD and HD engines in a
laboratory environment exclude the impact of background particles in the air. During the
literature review, one experiment was found which discusses sampling in a smelter
environment (Weinbruch et al., 2015) and corresponding source apportionment. They
used morphological analysis to classify the collected agglomerates and to identify the
source associated with the samples.
In this study, two phases of sampling were conducted. During the first step, an
underground controlled zone was designed to study the individual contribution of specific
diesel equipment (LD and HD) to the controlled atmosphere. These results determined
baseline expectations for each engine. A sampling methodology was developed to allow
for collection of multiple samples on TEM grids. The DfL, SF, np and size distribution of
agglomerates were obtained and compared with FMPS readings.
The next phase of sampling was conducted in an uncontrolled environment during
general mining activity where multiple pieces of diesel equipment were operating under
various loads. Under these conditions, the samples included not only DPM but also
mechanically generated particles such as dust in the atmosphere (background air) and
particles resulting from the interaction between them. The morphology of diesel
agglomerates depends on the formation conditions and age of the agglomerate.
The results from the two phases of the study were used to characterize diesel
agglomerates in the isolated and mine atmosphere to identify the source of particulate.
The isolated zone sampling results were also used to investigate the effectiveness and
morphological impact of control strategies. The study made it possible to investigate the
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interaction of dust and carbon-rich chain-like agglomerates in an underground
environment which has not studied before. Further morphological analysis quantifies the
size distribution of primary particle diameter.
Underground sampling results were vital as most of the volatile particles
susceptible to electron beam were collected during environment sampling. These results
were also used to determine various types of carbon-rich particles throughout the
analyzed agglomerates. The EDS results on chain-like agglomerates generated by diesel
engines were used to identify carbon and intrinsic elements. Four already-implemented
control strategies were evaluated and the morphological and physical parameters of
agglomerates were analyzed to create a baseline for source apportionment analysis.
The study helped to understand the morphological and physical characteristics of
a diesel fleet in the underground environment during both controlled zone and
uncontrolled environment tests. The results from morphological analysis were used to
categorize the agglomerates from HD and LD engines, as well as relevant control
strategies. The environment sampling results were then used to identify the diesel engine
source from which the agglomerates were emitted. The engine technology and Tier
configuration during sampling results were used to characterize the size distribution for
the emitted agglomerate.
The EDS results from uncontrolled environment sampling showed the chemical
composition at the interface of volatile compounds and carbon-rich particles. The
interaction of background air particles (such as dust collected in second sampling phase)
with chain-like agglomerates (generated by diesel engine) was investigated during source
apportionment analysis. Thus, the sampling approach and results from this study can be
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used in other underground mining applications to understand the existing conditions, the
effectiveness of mitigation approaches, identifying the source of particles, and to improve
the sampling process in the mine atmosphere.
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3. SAMPLING METHODOLOGY AND ANALYSIS TECHNIQUES

Gravimetric and real-time sampling devices measure various aerosols according
to the aerodynamic diameter of the particle. Inhalable dust samplers collect
approximately 97 percent of particles less than 1 µm aerodynamic diameter but only
50 percent of particles of 100 µm aerodynamic diameter (ACGIH, 2007). Due to the
complex physical and chemical nature of DPM, as well as the changing nature of the
aerosols and of the environment, the measurement and characterization methodology
plays an important role in linking DPM to health (Russell and Brunekreef, 2009;
Bugarski et al., 2012; Cauda et al., 2012; Giechaskiel et al., 2014).
The present section details the sampling methodology and analysis approach that
was used in this research. In order to study the characteristics of aerosols in an
underground environment, the sampling methodology was specifically designed to collect
particles in various diameter sizes for nano-structure studies. Traditionally-used
measurements of mass concentrations of total DPM and EC have therefore been
complemented with measurements of number and surface concentrations and size
distribution. A large number of studies have shown that size, number, and surface area
are aerosol attributes essential for assessing risk associated with exposure to nanometer
and ultrafine aerosols (Donaldson et al., 2005; Cauda et al., 2012).

3.1. INSTRUMENTATION AND SAMPLING DEVICES FOR GRAVIMETRIC
AND REAL TIME SAMPLING METHODS
In this research, gravimetric sampling and analysis is used to measure the
efficiency of control strategies. Mass based measurements only identify the total mass
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collected on the filter media (regardless of number and size distribution). Real-time
sampling was therefore used to also measure the particle size distribution and number
concentration based on particulate mobility diameter. In addition, real-time Electrical
Low Pressure Impactor (ELPI) was used to measure the size distribution, mass and
number concentrations based on particulate aerodynamic diameter. A second Electrical
Low Pressure Impactor + (ELPI+), in a newer model, was used to collect agglomerate
samples for S/TEM analysis in several stages. Although the ELPI+ was primarily used to
collect samples on the grids, the comparison between ELPI and ELPI+ real-time
particulate size and number concentrations showed the results were reasonably in
agreement.
In this research, multiple instruments were used to collect particles with various
aerodynamic diameters (𝐷𝑎𝑒 ) and mobility diameters to determine the mass, size,
concentration of aerosols at the monitoring sites. Table 3.1 shows the instrumentation that
was used in the research.
3.1.1. Electrical Low Pressure Impactor (ELPI). Electrical Low Pressure
Impactor (ELPI) from Dekati (Tampere, Finland) (Ahlvik et al., 1998; Gulijk van et al.,
2001; Maricq and Xu, 2004) was used during controlled zone and uncontrolled zone for
real time measurements of size distribution and concentration of submicron and
respirable aerosols. ELPI is one of the most widely used real-time instruments for
sampling and classification of sub-10 µm aerosols according to their aerodynamic
mobility. In essence, the ELPI is a 13-stage cascade impactor. The aerosols are classified
in the ELPI according to their aerodynamic diameter. Some of the previously described
drawbacks for cascade impactors, primarily the need for gravimetric analysis of the
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substrates and the non-transient nature of the measurements, are addressed and eliminated
by the ELPI design. The outcome is a direct reading instrument that combines
aerodynamic size classification with electrical detection of particle concentrations
(Keskinen et al., 1992; Maricq et al., 2006).

Table 3.1. Sampling and instrumentation.
Instrument or Device

Measurement or Sampling Objective

Fast Mobility Particle Sizer (FMPS)

Continuous measurement of number

(TSI, Model 3090)

concentrations and size distributions of
aerosols with electrical mobility diameters
between 5.6 and 560 nm

Scanning Mobility Particle Sizer

Quasi-continuous measurement of number

(SMPS) (TSI, Model 3936)

concentrations and size distributions of
aerosols with electrical mobility diameters
between 10 and 400 nm

Electrical Low Pressure Impactor

Continuous measurement of number

(Dekati, ELPI),

concentrations and size distributions of

(ELPI used for real time readings)

aerosols with aerodynamic diameters
between 30 and 10,000 nm

Electrical Low Pressure Impactor +

Continuous measurement of number

(Dekati, ELPI +)

concentrations and size distributions of

(ELPI+ is a newer model and was

aerosols with aerodynamic diameters

used to collect S/TEM grid samples)

between 30 and 10,000 nm, collection of
samples for TEM/SEM

Condensation Particle Counter (CPC)

Continuous measurement of number

(TSI, Model 3776)

concentration of aerosols
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In an ELPI, the aerosols are charged at the inlet to the cascade impactor section
using a unipolar charger. In the cascade impactor, the aerosols are classified by
aerodynamic size and, subsequently, the electric currents carried by the particles onto the
individual electrically isolated impactor stages are measured using a multichannel
electrometer (Keskinen et al., 1992; Baltensperger et al., 2001). Measured current signals
are converted to aerodynamic size distribution using particle-size-dependent relationships
describing the properties of the charger and the impactor stages. In its standard
configuration the ELPI has 13 impactor stages with nominal cut sizes (50Dae) of 29 nm,
58 nm, 102 nm, 165 nm, 254 nm, 391 nm, 635 nm, 990 nm, 1.60 μm, 2.45 μm, 3.96 μm,
6.67 μm, and 10.12 μm. In the filter stage configuration, a filter is added after the 29-nm
stage to capture aerosols below that size. The filter stage has a broad lower cutoff in the
5 to 10 nm range.
Gulijk van et al. (2004) found that ELPI tended to overestimate particle number
concentrations of diesel aerosols because the mobility diameter of fractal-like particles is
larger than the aerodynamic diameter of that same particle. Particles with a larger
mobility diameter can carry more electrical charge than the ELPI software assumes based
on the aerodynamic diameter. The largest contribution to the uncertainty in ELPI-derived
DPM mass is associated with a systematic error in assessing the effective density of DPM
(Maricq et al., 2006). The ELPI was found to be suitable for online real-time
measurement of DPM mass emissions down to the U.S. 2007 emissions standards
(Maricq et al., 2006).
The ELPI would be used with 25-mm greased aluminum foils. The fluffy, fractal
structure of the diesel aerosols is found to be responsible for the rapid overloading of
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ELPI substrates (Gulijk van et al., 2001, 2003). The overloading of substrates and
formation of soot piles under the nozzles can lead to erroneous readings. Therefore, when
the concentrations were higher the substrates were changed frequently to avoid those
issues. In addition, the length of the sampling was shortened to avoid accumulation of
dense particles on the substrates.
3.1.2. Electrical Low Pressure Impactor + (ELPI+). ELPI+ from Dekati
(Tampere, Finland) was used during controlled zone and uncontrolled zone sampling.
The purpose of using ELPI+ was to collect samples for imaging analysis. The TEM grids
were taped on the aluminum foils which were placed in various substrates. The extra
columns were prepared on surface facility and transported underground. The spare
columns were changed for each test.
ELPI+ is a 14-stage cascade impactor which classifies aerosols according to their
aerodynamic diameter. While in this research ELPI+ was primarily used to collect TEM
grids, the direct real-time output of this instrument were also collected. ELPI+ has
14 impactor stages with nominal cut sizes (50Dae) of 6 nm, 15 nm, 29 nm, 52 nm, 93 nm,
154 nm, 255 nm, 380 nm, 600 nm, 943 nm, 1.62 μm, 2.46 μm, 3.64 μm, 5.34 μm, and
9.84 μm.
3.1.3. Fast Mobility Particle Sizer (FMPS). Two Fast Mobility Particle Sizers
(FMPS, TSI Model 3091) (Johnson et al., 2004), as shown in Figure 3.1, were used in
this study to measure the size distribution and the concentration of aerosols with an
electrical mobility diameter between 5.6 nm to 560 nm. The output of FMPS is real-time
data collected on the instrument, which then was imported and analyzed using a
computer.
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Figure 3.1. Schematic of Fast Mobility Particle Sizer (FMPS) spectrometer.

The FMPS classifies particles according to the electrical mobility. A cyclone with
a cutoff size of 1 µm is used at the inlet of the instrument. After entering the instrument,
the aerosols are charged by two unipolar diffusion chargers. The first one producing a
negative charge is used to neutralize positively charged combustion aerosols. The second
one is used to positively charge these aerosols in a controlled fashion.
The unipolar charging allows for higher particle charge than the bipolar charger
used in the SMPS. Higher levels of particle charge are needed to allow for detection by
electrometers. The downside of using unipolar charging is the higher number of particles
with multiple charges. The aerosols are classified according to their electrical mobility in
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the mobility section that consists of 22 electrometers located at the external wall of the
annular space and a central rod that is divided in three insulated sections. The
concentrations are calculated for 32 size channels.
The FMPS spectrometer is operated at 10 lpm and should have relatively low
diffusion losses. The FMPS spectrometer that is tuned for monitoring in ambient air can
achieve the same task in 1 second.
3.1.4. Condensation Particle Counter (CPC). The condensation particle counter
(CPC) TSI Model 3776, was used during controlled zone study to measure concentrations
of submicron aerosols at downstream sampling station. In the CPCs, the particles are
counted using the light-scattering method. In order to effectively measure submicron
aerosols by this method, particles have to be enlarged to several µm. In the condenser
part of the CPC, the particles are enlarged by interaction between aerosols and
condensates of a supersaturated vapor such as n-butyl alcohol. After exiting the saturator
section, the enlarged particles are passed through the optical particle chamber where they
are exposed to the light. Scattered light pulses are collected by a photo detector,
converted to electrical pulses, and counted. The TSI Model 3776 is capable of counting
particle concentrations up to 106 particles /cm³. The lower size limit of the instrument is
2.5 nm. The accuracy of the instrument is ±10 percent at < 3x105 particles /cm³.
3.1.5. Scanning Mobility Particle Sizer (SMPS). Scanning Mobility Particle
Sizer (SMPS) spectrometers (TSI Model 3936) were used during controlled zone
sampling at downstream sampling station to measure the size distribution of aerosols with
electrical mobility diameters between a couple nanometers to several hundreds of
nanometers.
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The major components of an SMPS are: (1) a differential mobility analyzer
(DMA) and (2) a condensation particle counter (CPC). The SMPS used in the controlled
zone sampling study was configured with DMA Model TSI 3081 and CPC TSI Model
3776. The instrument is used with settings that allow for the measurement of size
distribution and concentration of aerosols with an electrical mobility diameter between
10 nm to 400 nm.
The DMA shown in Figure 3.2, also known as an electrostatic classifier, is used to
classify polydispersed submicron aerosols from a sampling stream according to their
electrical mobility (Knutson and Whitby, 1975; Kuosaka et al., 1985; Wang and Flagan,
1990; Reischl GP, 1991; TSI, 2003; Song et al., 2006).
Once aerosols in the individual size ranges are classified in the DMA, their
concentration is measured by CPC. Narrow size ranges of aerosols are scanned by the
SMPS over the full range of particle sizes by gradually changing the voltage on the
collector rod. The result of a full scan is a size distribution and total concentration of the
polydispersed aerosol being sampled.
The major drawback of the SMPS spectrometers is long scan time. The response
time of SMPS for a single size range is approximately 2 seconds and, typically, a full
scan requires at least 60 seconds. Therefore, the SMPS spectrometers could be used for
accurate and repeatable size distributions for steady-state, or quasi-steady-state
conditions.
In this research the SMPS data were used to confirm FMPS data as needed for
controlled zone sampling tests.
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Figure 3.2. Schematic of Differential Mobility Analyzer (DMA).

3.1.6. Gravimetric Sampling and Analysis. The gravimetric sampling was also
conducted during controlled zone test. The submicron and respirable aerosol samples for
carbon analysis were collected on tandem 37-mm quartz fiber filters (QFFs) (Pall
Science, QAT2500). The submicron aerosol samples for carbon analysis were collected
using commercially available the diesel particulate matter cassette (SKC, Eighty Four
PA., Model 225-317).
The respirable aerosol samples for carbon analysis were collected on the QFF
filters that were in-house assembled in the 5-piece cassette (SKC 225-3050LF+SKC 225304). The samples for gravimetric analysis were collected on tandem 37 mm 2.0 µm
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polytetrafluoroethylene (PTFE) membrane filters with PMP ring (PAL Teflo W/Ring)
that were assembled in-house in 3-piece cassettes (SKC 225-3050LF).
Submicron and respirable aerosol samples collected on QFF media were analyzed
for EC and OC using NIOSH Method 5040 (Birch and Cary, 1996; Birch, 1999; NIOSH,
1999), a thermo-optical transmittance (TOT) method. The analysis was performed on a 1
cm² section of QFF media (punched out from a primary and secondary sampling filter)
using an OC/EC Aerosol Analyzer from Sunset Laboratory Inc. (Portland, Oregon).
The analysis was performed in two distinct stages. In the first stage, the sample
was heated in a pure helium (He) atmosphere, following a preprogrammed temperature
trace. The sample was gradually heated over four temperature steps, the highest being at
about 870°C. During this process, the OC was oxidized to carbon dioxide (CO2),
subsequently reduced to methane (CH4) in the presence of a catalyst, and finally
measured using a flame ionization detector (FID). Due to the absence of oxygen (O2), the
EC did not evolve at this stage.
During the second stage, the temperature of the oven was gradually increased
from 600°C to about 900°C, but this time in a He/O2 atmosphere. In the presence of O2,
the EC is oxidized to CO2, subsequently reduced to CH4, and then measured by the FID.
The results of the analysis performed on the secondary filters were used to make dynamic
blank (a filter which has not been used for sampling) correction for the primary filters.

3.2. SIZE SEGREGATED SAMPLING METHODOLOGY
This section describes a methodology that was developed to prepare and collect
the samples for the TEM analysis.
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3.2.1. Sample Preparation. Two approaches were tested to collect DPM samples
for TEM analysis using the ELPI+ impactor. The main difficulty was holding the TEM
grid in place for a suitable short time period. The first attempt involved gluing the TEM
grid to the foil or a filter. However, the grids were eventually sucked out of place by the
vacuum generated on the lower stages of the impactor. In addition, glue was identified as
a potential source of sample contamination. The second attempt involved taping the grids
on the aluminum foil and/or on a filter. The grids were held in place during sampling and
no grids were lost due to the negative pressure generated by the suction pump.
The DPM samples were collected on carbon-coated TEM copper grids of 200,
300, and 400 mesh. These grids have a Formvar film support that prevented shaking
during specimen preparation. A special handling kit provided by the manufacturer was
used to reduce the risk of damaging the grids. Grid removal was challenging as there
were multiple grids on the foils.
The preliminary tests were done with the grids taped on a 37-mm quartz fiber
filter (Figure 3.3). The filter can be placed on a three-piece cassette with an impactor with
a 0.8-µm cut-off point, which would void the capability of selective size sampling. There
were several drawbacks associated with this approach. Removing the grid from the filter
was found to be very challenging and in some cases impossible.
When collecting samples for TEM analysis, it is common for larger solid particles
to bounce off to a lower stage. In order to investigate this phenomenon, multiple grids
were taped on the aluminum foil on a single impactor stage. The grids covered the entire
diameter of the collection substrate. As shown in Figure 3.4, some of the grids were
located directly under the jet nozzles. The traces of soot are noticeable on the center grid.
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Figure 3.3. Taped TEM grid on a 37mm quartz fiber filter.

Figure 3.4. S/TEM sampling grids taped on the 25-mm aluminum foil. The soot traces are
visible.
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Preparing the samples involved multiple steps. The aluminum foils without TEM
grids were greased in order to reduce the particle bouncing; the aluminum foils were
placed in a stencil for greasing. The solid particles at lower humidity tend to bounce to
lower stages, which would have negatively impacted the results.
Once grease was applied to the foils in the stencil, the foils were ready to the
placed on the collection substrate. At this stage, the TEM grids already had been taped to
the foils which were not greased. The collection plate holder held the foil on the
substrate, which sat on the jet plate. Figure 3.5 shows the greasing stencil, collection
plates, and the prepared impactor column. Once the column was prepared, it was placed
in the ELPI+.
It is important to note that the cleaning process is tedious, in that after every
experiment the entire column including the o-rings, substrates, jet plates, and the holder
ring needed to be soaked in isopropyl alcohol and dried out. A thorough cleanup is
required in order to zero the ELPI+ prior to an experiment.
Since the sampling was conducted underground and cleanup between the tests
was not feasible, multiple substrate columns were cleaned and prepared in advance in a
clean room. The entire sets of substrates were replaced and swapped between consecutive
tests. This process of changing sampling sets was found to be challenging in a dust-laden
atmosphere. The process appeared to be easier in lower air velocities. Figure 3.6 shows
ELPI+ while switching the substrates during the test and soot traces.
Sampling time was kept short (30 to 60 seconds) to avoid overlapping of
particulate matter on the TEM grids and the consequent negative impact on microscopic
analysis.
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a

b

c
Figure 3.5. Sample preparation substrates shown in ELPI+ multi-stage impactor:
a) Greasing stencil. b) Collection plates. c) Prepared impactor column.

Figure 3.6. ELPI+ impactor while switching substrates during the test.
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3.2.2. Sample Collection. The purpose of the experiment was to investigate
whether positioning of the grids on a single stage would impact the S/TEM results. The
samples were collected from the mine atmosphere for a short period of time. Two sets of
grids (each set consisted of five TEM grids as shown in Figure 3.4) in two different
testing conditions were collected. The background particle levels were varied between the
tests.
The sampling station consisted of the ELPI+ and a 30-L vacuum pump. The size
distribution, mass concentration, and particle diameter distribution were displayed on a
laptop in real time. This information along with the experience of the researchers helped
to determine the sampling time. The sampling time varied from one test to another based
on the concentrations in the atmosphere. A longer sampling time was used at lower
concentrations to ensure that particles had deposited on the lower stages of the impactor.
However, smaller sampling time was desirable to avoid overlapping deposited particles,
which has a negative effect on TEM imaging. If a large number of particles accumulated
on a TEM grid the electron beam would not transmit through a thick sample.
3.2.3. Sample Imaging. S/TEM imaging and Energy Dispersive Spectroscopy
(EDS) analysis was carried out using a JEOL 2800 S/TEM operated at 200 keV
acceleration voltage on the TEM grids which were collected using ELPI+. This
instrument is equipped with two SDD EDS detectors, which have a combined (nominal)
solid angle of 1.6 sr. STEM dark field (DF) and bright field (BF) images were collected
using detector semi angles of between 15.14 and 31.3 mrad, to provide optimal contrast
between the BF and DF images, respectively. The instrument is also equipped with a
secondary electron detector (SE) and these images were acquired in parallel with the BF
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and DF images. The SE images provide information about the surface morphology of the
particles to complement the transmission images. Bright field TEM images are acquired
to determine both the overall shape and structure factors of the agglomerates (Figure 3.7),
as well as to show (at high magnification) the atomic level structure of the particles.
Figure 3.7 shows typical carbonaceous agglomerate with measured length of 1182 nm
and width of 916 nm. The measurements are shown in the image and depict the longest
distance in a 2D view. In addition, as described Section 2, the primary particle diameter is
a parameter which was obtained for sample agglomerates. Figure 3.7 shows the two
primary particles for the sampled agglomerate. The circled primary particles shown in
Figure 3.7 are the representatives of primary particle for agglomerate shown in the figure.

Length
1183.09 nm

Primary
Particle

916.61 nm
Width
5 0 0 nm

Figure 3.7. Measured parameters on sampled agglomerates.
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The variety of TEM and STEM images served several purposes. Firstly, DF
STEM images yield the highest contrast of any of the imaging modes used (Williams and
Carter, 2009). This provides a potential benefit to structure factor calculations based on
contrast thresholding. In addition, it is known that DF STEM images arise from highly
scattered electrons exiting the sample. This implies that DF STEM images more
efficiently collect electrons that have passed through thicker or denser areas of materials,
as compared to the other modes. As such, DF STEM images provide an excellent electron
reference image to correlate with EDS spectral images. All of the reference electron
images used for EDS spectral images were DF STEM images throughout this work.
BF STEM images were acquired in parallel with the DF STEM images (along
with the SE images). These images show inverted contrast as compared to the DF STEM
images. Taken on their own, these may be quite useful as the extremely high contrast of
the DF STEM images can sometimes lead to situations of image saturation –
compromising the structure factor calculations. However, since BF TEM images were
collected on the samples as well, which have an advantage over BF STEM imaging in
that they have higher electron collection efficiency, the BF TEM images served as a
better source for structure factor calculations on the aggregates (Crew and Wall, 1970).
SE images (acquired in parallel with BF and DF STEM images) show the surface
morphology of the nanoclusters, making them invaluable in determining cases of particle
overlap. This is critical when determining structure factors, where reliance on BF or DF
STEM (or TEM) imaging alone can lead to oversampling when particles overlap.
BF TEM images provided another means by which to identify and analyze
particulate matter and, in particular, were a primary source of information for structure
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factor data on diesel agglomerates. As compared to STEM BF images, these BF images
offer better signal to noise, as already mentioned. In addition, the speed with which BF
TEM images can be acquired, as compared to STEM images of comparable brightness
and contrast, is an advantage for materials like these which have some propensity for
beam sensitivity, due to their low molecular weight and thermal conductivity.
BF TEM images were acquired using a typical collection time of 1 second,
whereas STEM images were typically acquired over 30 s per image set time intervals.
Further, the probe current density in STEM mode was such that beam damage was
observed at high magnification in the scanning probe mode. This prevented phase
contrast imaging to observe the onion shell like atomic resolution structure of primary
particles, as observed by Wentzel et al. (2003).
BF TEM imaging, with its fast acquisition time and comparably lower beam
current density, enabled this mode of imaging, and phase contrast images, at sufficiently
high magnification to show interatomic plane d spacing, were acquired on agglomerates
primary particles.
Figure 3.8 shows the various S/TEM imaging approaches on selected agglomerate
during operation of a LD personnel carrier sampling (EPLI+ stage #7, D50% cut off point
of 255 nm) collected in controlled zone. Multiple images were used during image
analysis to obtain the projected values associated with agglomerates. Number of primary
particle (𝑛𝑝 ) and the diameter of primary particle (𝑑𝑝 ) were obtained using the images to
account for the primary particle overlap. The TEM BF image (Figure 3.8 a) show the
agglomerate structure with almost visible primary particle. The SE image (Figure 3.8 b)
was used to determine the surface morphology and nanostructure of overlapped primary
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particles. The STEM BF and DF (Figure 3.8 c and 3.8 d) with high contrast determined
the thicker and denser area of the agglomerates with higher number primary particles
deposited and overlapped.
Digital Micrograph software was used to measure the 𝑛𝑝 and 𝑑𝑝 . The circled
primary particles in Figure 3.8 a and 3.8 b are the representation of what was measured.
A total of 28 primary particles were measured, primarily using TEM BF and SE images.
The average primary particle diameter was 33.53 nm. The average primary particle
projected area (Apave) was calculated at 882 nm2.
Projected area equivalent diameter (Dprojected) was then derived using the average
primary particle projected area. Dprojected was calculated to be 207nm for this agglomerate.
The number of primary particles was then calculated using fractal factors
(considering the overlap factors described in Section 2). The number of particles was
calculated to be 66 and using Oh and Sorenson fractal factors was 138.
The difference of what was measured (28 particles) compared to calculated
numbers can be explained using the dense areas marked in boxes in Figure 3.8 c and 3.8
d. These marked areas represent dense overlapped particles which regardless of imaging
approach the beam of electrons would not pass through, therefore the overlap factors are
needed to compensate for fractal calculations. It was determined that the use of TEM BF
and SE images provided a consistent approach to obtain 𝑛𝑝 and 𝑑𝑝 .
The maximum length was measured at 385 nm which is higher than the ELPI+
D50% calibrated range for stage 7 at 255 nm. This agglomerate could be bounced from a
higher stage and deposited on this grid, however the width was measured at 182 nm
which is within the range. Shape factor of 0.47 was calculated in this case.
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24.86 nm
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Figure 3.8. S/TEM images from personnel carrier sampling test (ELPI+ stage #7, cut off
point 255 nm). a) TEM BF image shows the example of primary particles. b) SE image
shows the surface morphology of overlapped primary particles and measured diameter. c)
S/TEM BF, high contrast represents thicker and denser primary particle overlap. d)
S/TEM DF image where high contrast bright areas show the overlapped primary
particles.

46
3.3. MORPHOLOGICAL ANALYSIS USING S/TEM IMAGES
The interpretation of collected and computed data is described in this section. The
real-time data collected using FMPS and gravimetric sampling was interpreted by
downloading the information to a computer using the manufacturer software. The data
was then imported to MS Office and size and number concentration distribution charts
were made. The image sampling interpretation using microscopic approach was more
elaborate. The obtained images from collected TEM grids (using ELPI+) were imported
to GMS 3 software and measurements were taken (as described in 3.2.3). The
measurements were recorded and imported to JMP software to conduct statistical analysis
on the data collected during image analysis. This information is the basis of
morphological analysis to be described in section 3.3.2-4.
During the analysis of TEM grids which were collected by ELPI+, one or two
locations on each sample were chosen to perform S/TEM and EDS analysis, since
analyzing the entire surface area of each grid was very time consuming. In this study,
samples were collected in the underground environment. The samples fall in two groups.
The first group consisted of samples collected in a controlled zone in which selected
diesel-powered equipment were performing specific tasks. The second group of the
samples was collected in uncontrolled zone (an environment in which multiple pieces of
equipment were performing regular activities).
3.3.1. Agglomerate Physical Properties. The important parameters were
identified and measured as described in 2.1 and 3.2.3. The physical properties were
measured during microscopic approach on the agglomerates collection on ELPI+ stages.
Distribution of primary particle diameters was measured on all the chain-like particles on
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the S/TEM images. Figure 3.7 depicts the parameters measured in agglomerate. Digital
Micrograph software (Gatan, GMS 3) was used to measure several attributes of the
agglomerates including the size of primary particles. The fractal dimension and shape
factors were then obtained for agglomerates collected on the various sampling stages.
Statistical analysis of images obtained by S/TEM was also used to verify particle size
distributions of agglomerates from multiple sources. The results show that the particle
characteristics are relatively similar regardless of grid positioning on the aluminum foils
as discussed in test 1 and 2 below.
3.3.1.1. Short duration test. In this test, the TEM grids were placed on the sixth
stage of the ELPI+ with an impactor cut-off point of 391 nm. Samples from the
atmosphere with relatively low particle concentrations were collected over a period of
five minutes. The images of particles collected on two of the grids are shown in Figure
3.9. Figure 3.9 a, 3.9 b, and 3.9 c show the STEM images, bright field (BF), dark field
(DF), and secondary electron images of the first grid (center grid). These images were
taken at 200k magnification. Figure 3.10 a, 3.10 b, and 3.10 c show random agglomerates
selected from the second grid (corner grid, farthest from the center) on this stage at 300k
magnification. During the analysis, some anomalies were noticed in which the
agglomerates were denser with many particles accumulated over each other. This
phenomenon was noticed in two of the five grids. The Lmax for the agglomerate shown
below measured 1.1µm and 0.89µm, where widths were measured at 0.8 µm and 0.7 µm.
The short duration test proved that after 5 minutes of sampling, the randomly
picked agglomerates were bounced through the stages and been deposited at the lower
stages of ELPI+. Both agglomerates were larger than 391 nm in length and width. The
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physical properties of the deposited agglomerates stayed similar where shape factor for
both properties calculated at 0.7.

1.11 µm

0.88 µm

0.5 µm

a

b

c

Figure 3.9. STEM images of the first grid: a) bright field, b) dark field, and c) secondary
electron.

882.19 nm

691.48 nm

2 0 0 nm

a

b

c

Figure 3.10. STEM images of the second grid: a) bright field, b) dark field, and c)
secondary electron.
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3.3.1.2. Long duration test. In this test, five sampling TEM grids were placed on
the sixth stage of the ELPI+. The sampling time for this test was three times longer than
the first test, which should lead to greater particle accumulation on the grids and potential
particle bouncing. The ambient conditions were also different during this test since the
day-to-day ventilation rate varied based on the mine demand, with higher background
dust in the system. Four of the grids were successfully removed from the aluminum foil
while one grid was damaged during removal.
The secondary electron images clearly show that the particles were deposited and
overlapped. This made the primary particle counting very challenging. Figures 3.11 and
3.12 show the S/TEM images from two of the representative grids.
The agglomerates’ morphological measurements are similar to each other with
Lmax at 2.2µm and W at 1.5µm. The length, width, and projected area of these
agglomerates were clearly different from Test 1 due to different background conditions,
such as various machinery, the presence of dust, and sampling times. However, the
physical and morphological criteria in the stage of this test were relatively consistent
where calculated shape factor for both agglomerates was 0.68.
3.3.2. Statistical Analysis of Projected Properties on TEM Images.
Distribution of primary particle diameters were measured on all the chain-like particles
on the S/TEM images. The statistical analysis was conducted using JMP and MS Office
on the measured properties of the agglomerates collected using ELPI+. The projected
properties are the ones computed using the measured properties during microscopic
image analysis (as described in 2.1 and 3.2.3). The primary particle diameter for all the
samples from environment and isolated zone study were measured.
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2.26 µm

1.50 µm
1 µm

a

b

c

Figure 3.11. Images from first representative grid: a) STEM BF, b) STEM DF, c) STEM
secondary electron.

1.50 µm

2.19 µm
1 µm

a

b

c

Figure 3.12. Images from second representative grid: a) STEM BF, b) STEM DF, c)
STEM secondary electron.

Once the projected area equivalent diameter (Dprojected) was obtained using the
S/TEM image analysis, it was used to investigate the particle mobility diameter (Dmobility).
In this research the relationship between maximum length Lmax and projected diameter
(Dprojected) was studied for each test. The Lmax was measured using the Digital Micrograph
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software. In order to calculate Dprojected for each agglomerate, primary particle diameters
were measured using imaging software as described in section 3.2.3. The average
primary particle projected area was then calculated (Apave). The software is then used to
calculate agglomerate projected area (Aa). This value is obtained using the pixels in the
projected area of agglomerate during image analysis, where the diameter derived from Aa
would be Dprojected. This approach was used for all the agglomerates in this research. The
statistical analysis was performed for each test on equipment basis. The Lmax versus
Dprojected graphs were compared for various tests using the power law relationship where
similar power values was obtained for each sets of agglomerates
(Lmax ~ kDαprojected ~ kDαmobility ). Similar approach was used to comparing samples
collected for LD versus HD and controlled strategies. The real-time Dmobility readings
obtained from FMPS was plotted along with Dprojected obtained from image analysis. This
was to prove Dprojected could be used as a surrogate for mobility diameter in this research.
This approach was used for the tests in controlled and uncontrolled zones.
3.3.3. Fractal Dimension. The fractal dimension is used to investigate the
structure of diesel agglomerates. The measured and projected properties on the samples
collected using TEM grids in ELPI+ were used to obtain fractal dimension for the
agglomerates. The size distribution obtained using projected equivalent diameter
(interpreted from ELPI+ samples) were compared to the distribution obtained from
FMPS real-time sampling. Mean values of fractal dimension can be defined from the
least-square regression fitting to the power law relationship (Lapuerta et al., 2006). In this
research, the power law relationship approach is used to identify fractal dimension of soot
agglomerates. The number of primary particles were calculated using three-dimensional
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values of np and Rg correlating the agglomerate projected area (Aa) and primary particle
projected area (Apave).
Aa is the agglomerate projected area and it is obtained directly from image
analysis and Apave is calculated using the measured primary particle diameters in DM
software. The number of primary particles was obtained using Equations (3.1) and (3.2).
Fractal dimension for agglomerates was then calculated using constants for 𝑘𝛼 and α to
account for primary particle overlaps.
Equation 3.1 shows the correlation of np, Rg and fractal dimension Df.
𝐷𝑓

2𝑅𝑔

𝑛𝑝 = 𝑘𝑓 ( 𝑑 )

(3.1)

𝑝

where dp is the primary particle diameter and kf is a dimensionless prefactor. The values
of the kf depend of the nature of the agglomerate.

𝐴

𝛼

𝑛𝑝 = 𝑘𝛼 (𝐴𝑎 )
𝑝

(3.2)

where Aa is the agglomerate projected area and Ap is the primary particle projected area.
𝑘𝛼 and a are empirical constants. Extensive morphology studies have been conducted on
the values of these constants. Koylu et al. (1995) values of a=1.09 and 𝑘𝛼 = 1.21 to
calculate the fractal dimension for the agglomerates. Oh and Sorenson (1997) considered
the primary particles overlapping parameter (d) and suggested the values of a=1.19 and
𝑘𝛼 = 1.81 when d=2. Using Equation 3.3, the fractal dimension can be estimated using
maximum length of the agglomerate (Lmax) (Koylu et al., 1995; Park et al., 2004; Neer
and Koylu, 2006; Mustafi and Raine, 2009).
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𝐿𝑚𝑎𝑥

𝑛𝑝 = 𝑘𝑙 (

𝑑𝑝

𝐷𝑓𝑙

)

(3.3)

where 𝑘𝑙 is a correlation prefactor and 𝐷𝑓𝑙 is the fractal dimension with maximum
projected length. In this research 𝐷𝑓𝑙 is used to study the agglomerates since studies
show that the 𝐷𝑓𝑙 (fractal dimension based on maximum projected length) and 𝐷𝑓 (fractal
dimension based on radius of gyration) have identical values (Chakrabarty et al., 2006;
Mustafi and Raine, 2009).
Once the number of primary particles was calculated, the results were plotted
against Lmax/dpave. The power relationship for each set of data shows 𝐷𝑓𝑙 . A similar chart
was used to compare the agglomerates with Oh and Sorenson overlap factors to
understand the impact of overlapped primary particles in the results. This approach was
used for all the tests in controlled and uncontrolled zones.
3.3.4. Agglomerate Shape Factor. The shape of the particulate matter is
characterized using shape factor (SF). The SF analysis were conducted on the measured
projected properties obtained from microscopic image analysis on ELPI+ samples. The
SF is the ratio of length of the agglomerate (L) and width of the agglomerate (W)
obtained from TEM analysis (minor axis/major axis).
The SF ratio of 1.0 indicates a dense spherical shape of agglomerate where 0.1
shows chain-like agglomerate (Nord et al., 2004; Mustafi and Raine, 2009). In this study
the SF ratio along with fractal dimension are used to investigate the agglomerates
obtained in various ELPI+ impactor.
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3.4. CHEMICAL COMPOSITION ANALYSIS (EDS)
The collected TEM grids by ELPI+ were used to conduct Energy dispersive
spectrometry in STEM for qualitative elemental characterization. EDS approach provides
elemental properties of agglomerates and a qualitatively defines the traces various
elements in an agglomerate. The approach identifies the presence and absence of
elements in the agglomerate. Although total net counts was obtained from EDS analysis
to calculate the elemental ratios in some agglomerates, the approach was mainly used to
detect the traces and respective trends. EDS mapping was performed on the similar
agglomerate on which the STEM imaging had taken. The energy of X-rays generated
from electron displacements has similar characteristics to the atoms. The x-ray lines
consist of K and L and M series peaks. A nominal probe current of 1.08 nA was used,
achieved through the combination of a 1-nm-diameter probe size coupled with a 40micron-diameter CL aperture. This relatively high level of probe current was necessary to
facilitate rapid EDS data collection on these beam-sensitive materials. The larger probe
size will have larger x-ray signals (Van Devener, 2017). No beam damage was observed
on the samples, based on pre- and post-EDS image inspection.
3.4.1. EDS Discussion on Short Range Test. Figure 3.13 shows the EDS
elemental analysis for the two grids. It is important to note that net counts and the
resolution of EDS results are relative, and only the detected and relative net counts have
been considered in this study in order to compare the chemical elements in the grids. The
copper has been disregarded while EDS analysis was done, since the grids were copperbased. The spectrum shows the high net counts of carbon compared to oxygen. The C/O
ratios are relatively similar. Si has been detected due to background dust particulates
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where Cu is the result of copper TEM grids. The results show similar traces of elements
(C, O, Cu and Si) was detected during EDS mapping. In addition, similar C/O of 8 to 10
was noticed for the agglomerates collected during a controlled zone sampling. This
proves the results were consistent regardless of lateral location of taped TEM grids on the
foil in same ELPI+ stage.

a

b

Figure 3.13. Extracted elemental spectrum energy levels for a) first and b) second grids
(Y axis shows net counts).

3.4.2. EDS Results of Long Range Test. Figure 3.14 shows the energy spectrum
for the samples. EDS mapping shows sampling from the field of view during data
acquisition and the background contribution of C K alpha and O K alpha X-rays, which
can be quite high due to the film itself being mostly comprised of C and O. In addition,
the relative amount of carbon can change as a function of time, in that the electron beam
can “crack” residual volatile hydrocarbon species that settle on the surface being imaged,
and redeposit these species (Egerton et al., 2004). EDS is generally less accurate for lowenergy x-rays (such as C K alpha and O K alpha).
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In the case of longer range test, EDS results show qualitatively that these particles
contain C and O. However, the C/O ratio varied (6 vs 10) between the agglomerates
collected during uncontrolled sampling. This could be due to higher dust and background
concentrations in the atmosphere during uncontrolled sampling. The Si peak also could
suggest the presence of entrained particles which was noted in some samples. The Cu
peak was the result of copper grids.

a

b

Figure 3.14. Test 2, extracted elemental spectrum energy levels for the a) first and b)
second grids (Y axis net counts).

3.5. CONCLUSION
A consistent sampling methodology was used to collect samples in two phases:
controlled and uncontrolled zone. The methodology was to attach TEM copper grids to
the aluminum foils of the 14-stage cascade impactor. This methodology resulted in better
sampling condition and grid recovery compared to attaching the grid to 37mm filter
media. The comprehensive morphological and chemical attributes of particulate matter
are important to understand particle size and consequently the source of the particles.
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Size-selective sampling and monitoring is an approach in which a multistage impactor is
used to understand the particle size distribution is a certain stage.
Several approaches were tested to attach and prepare TEM grids for sampling.
Five TEM grids were placed at a single stage. S/TEM analyses were performed to
investigate the morphological attributes of representative agglomerates on the five grids.
The results show that the primary particle diameter for both tests runs from 15 nm to 35
nm and the SF values were identical. The EDS results show the carbon to oxygen ratio in
the energy spectrum to be qualitatively in agreement, however the ratios were different
for samples collected during uncontrolled zone. The results are relatively similar
regardless of the position of the grids on the foil. The morphological and statistical
analysis was conducted on more agglomerates to investigate the correlation of
agglomerates with respect to size, chemical content, and ELPI+ stages. The
morphological and projected properties of the agglomerate were studied and it was
determined that the position of TEM grids on the aluminum foils did not impact the
results.
The projected area equivalent diameter obtained using S/TEM analysis showed
the correlation factor between maximum length and mobility diameter. The number size
distribution of the projected area equivalent diameter was described using a muti-modal
normal distribution. The SF analysis was used to investigate the morphological shape of
the agglomerates.
In the present research gravimetric and real-time instrument were used to study
aerosol characteristics in an underground environment. The intent of using combined
sampling approaches was to collect information in various aspects. The FMPS and SMPS
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used mobility diameter and measured size, mass and number distribution of particles.
ELPI was used to get a real-time size and number distribution of particles based on
aerodynamic diameter. The traditional NIOSH 5040 method was used to obtained TWA
carbon concentration during controlled zone. In addition ELPI+ was used to collect TEM
grids for microscopic approach for chemical (EDS) and morphological analysis (S/TEM).
The morphological analysis consisted of investigating 3428 primary particle diameters
from 266 agglomerates collected during ELPI+ sampling, 29 of which collected during
uncontrolled zone sampling and 183 were collected during controlled zone sampling. It is
important to note that two images were obtained from each TEM grid during the imaging
process.

59
4. CONTROLLED ZONE MEASUREMENTS

A controlled zone was designed to study specific equipment types without the
disruption of other aerosols in the background air. The controlled zone was located near
one of the intake shafts to improve the sampling quality and minimize the effect of
uncontrolled aerosols during sampling. The controlled zone was located in the intake air
split off the main entry. Sampling sessions were two hours long and did not occur during
shift changes in order to minimize introduction of background aerosols.
The rationale for the design was to identify morphological characteristics of
emitted particles in the underground atmosphere. Control zone sampling made it possible
to measure and obtain grid samples with simultaneous monitoring of the background
particle concentration. The analysis approach was to use S/TEM images to identify the
largest particle on a grid. The agglomerate diameters were measured and the results
compared to the number size distribution recorded by FMPS during the sampling period.

4.1. ZONE DESCRIPTION AND EXPERIMENTAL APPROACH
The experimental work in the controlled zone was conducted during off shifts.
The zone was chosen in the diesel shop area. The preparation work for the test location
consisted of blocking one of the access entries into the shop during evening hours. The
access was opened prior to the day shift for usual daily activities. The mine experiences
lower traffic and activities during off shifts. The mine employees travel to the assigned
working places at the beginning of the shift and travel back to the service shaft by the end
of their shift. This minimized the impact of upstream activity during the sampling.
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4.1.1. Controlled Zone Design. The controlled zone was a 300 m (100 ft) long
straight entry with a rectangular cross section 6 m x 2.7 m (20 ft x 9ft). The entry
consisted of 8 cross cuts. Figure 4.1 shows the layout of the controlled zone. The zone
was designed to accommodate the test vehicles’ activities. The zone was closed to the
incoming traffic at 1XC and the traffic was diverted to the other parallel entries outside
the controlled zone. The solid continuous lines show the main travel ways while short
lines show the stoppings between intake and exhaust airways.

Figure 4.1. Controlled zone layout.

4.1.2. Ventilation at Controlled Zone. The controlled zone was located on a
split of intake air from the nearby shaft. Intake air entered the controlled zone, passed
through the upstream and downstream station. The air then travelled to one of the mine
exhaust shafts.
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A localized ventilation system was implemented to regulate and monitor the
airflow quantity in the controlled zone. The system consisted of installing temporary
curtains in each of the cross cuts. All the curtains were foam sealed to minimize the
leakage through the mine curtain. A permanent bulkhead was built to install an
independent controlled zone fan for the experiment.
The negative pressure induced by the 36 kW (50 HP) two-stage fan (Spendrup
Fan Co. Model 60x2- 3600 CR FP) maintained steady airflow throughout the testing
period and neutralized the effect of equipment presence and movement in the ventilation
course. The fan exhausted through the bulkhead. Figure 4.2 shows the bulkhead and the
fan at the end of the controlled zone.

Figure 4.2. Controlled zone fan.
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The fan was equipped with an 1830 mm long, 610 mm diameter tube. Two
VOLU-probe sensors were installed inside the tube 1,220 mm from the inlet. Figure 4.3
and 4.4 show the tube and VOLU-probe installation array. The VOLU-probes use an
approach similar to pitot airflow traverse probes. The probes were equipped to provide
multiple sets of total and static sensing ports along the length of the probe with a reported
accuracy of 0.15%, according to the manufacturer. As shown in Figure 4.4, the VOLUprobes were installed perpendicular to each other so the measurements were taken in the
entire cross section of the tubes.
The average total pressure and static pressure measurement were continuously
recorded by two pressure transducers (Paroscientific Standard Model 765). Temperature
measurements were also taken at the fan location to calculate the local air density. Using
Equation 4.1, the measured temperature and differential pressure were used to calculate
airflow quantity during the test.
𝑄=

√2𝑃𝑣
𝜌

𝐴

(4.1)

where
Q = air quantity m3/s
𝑃𝑣 = velocity pressure Pa
𝐾𝑔

𝐾𝑔

𝑙𝑏

𝜌 = adjusted local air density 𝑚3 (0.99 𝑚3 , 0.062 𝑓𝑡 3 )
𝐴 = tube diameter m2

Figure 4.5 shows the calculated airflow quantities for one of the tests. The airflow
quantities stayed reasonably consistent during the test period on average value of 5.25
m3/s (11,100 cfm). The noticeable drop at the end corresponded an open bulkhead door.
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Figure 4.3. VOLU-probe ventilation tubing at the fan inlet (courtesy of Spendrup Fan Co.
drawing number 127605).

Figure 4.4. Location of VOLU-probes inside the tube (1220 mm from the inlet).
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Time

Figure 4.5. Airflow quantity during a test period (m3/s).

In order to understand the background concentration during the sampling, the
movement of the diesel-powered equipment on upstream the upstream sampling station
(main mine entry) was continuously recorded during controlled zone testing using a Vio
POV.HD camera. The information was used to correlate the diesel source and traffic load
to the background concentration.
4.1.3. Sampling Stations. Two sampling stations were designed in the controlled
zone. The upstream monitoring sampling station (UMSS) was located at the entrance of
controlled zone (2XC) whereas the downstream monitoring sampling station (DMSS)
was located at 8XC, 10m (30ft) away from the fan. Figure 4.6 shows the sampling station
layout. As shown in the figure, the test vehicle started the cycle at 7XC, travelled to 4XC
and turned and finished the cycle at 7XC.
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Figure 4.6. Upstream and downstream sampling stations.

The upstream monitoring station was located 50 m (164 ft) upwind from the
upstream turning point (3 XC). The downstream sampling station was located 50 m (165
ft) downwind of downstream turning point. This distance provided sufficient residence
time for initial formation and transformation of diesel aerosols and mixing of those in the
controlled zone entry.
4.1.3.1. Upstream sampling station. The upstream sampling station
measurements and results were used to establish and quantify concentrations and
properties of aerosols in the background air. The measurements were used to correct the
downstream station measurements.
A TSI Fast Mobility Particle Sizer (FMPS), Model 3090 was used to measure
aerosol number concentrations and size distributions. Figure 4.7 shows the upstream
sampling station located at 2XC. Traffic was tracked using a vehicle log, which then was
used to monitor the background concentrations of the particles in the mine atmosphere.
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TSI, FMPS

Figure 4.7. Upstream sampling station in controlled zone.

4.1.3.2. Downstream sampling station. The downstream sampling station
consisted of real-time particle size and mass distribution, gas, temperature and absolute
pressure measurement devices. The instrumentation and sampling devices are listed in
Table 3.1. Figure 4.8 shows the instrumentation layout at the downstream sampling
station.
As shown in the figure, ELPI+ was used to collect the S/TEM samples on the
copper grids. ELPI+ sampling time varied based on the real-time concentration readings
obtained from ELPI and FMPS. Spare sets of prepared ELPI+ impactor column was used
during each test to (1) collect TEM samples in multiple stages of impactor and (2) record
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number size and mass concentration on the stages on which TEM grids were not present.
Note that greased aluminum foils were placed on all the stages except the ones with the
TEM grids.

Rotating Sampling System

ELPI
ELPI+

FMPS
NSAM
SMPS

Figure 4.8. Downstream sampling station instrumentation, controlled zone.

As shown in Figure 4.8, each the instruments were placed on leveled tables. The
sampling line for the fast response instruments (ELPI, FMPS) were connected with the
ports mounted on the rotating sampling system. The rotating sampling system consisted
of a sampling arm equipped with an electric motor which rotated in circular motion and
collected sample form the entire cross section of the tunnel. The sample would then be a
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better representation of the tunnel atmosphere. The sampling line for SMPS, NSAM and
ELPI+ were collected from a fixed location in the center of the drift, 2.4 m (8 ft) off the
ground. All samples were transferred to the instruments using non-heated sampling lines
made of conductive rubber tubing. In order to minimize diffusional losses, the length of
the sampling lines was kept to the minimum needed for operation of the rotating
sampling system.
4.1.4. Fuel Station. All vehicles tested in the controlled station were fueled from
a single batch of ULSD fuel. The fuel station was located outside of the upstream
sampling station as shown in Figure 4.1. The fuel station was located on a separate air
split from the controlled zone. Therefore, the sampling results were not impacted by the
fueling process. Table 4.1 shows the fuel properties of a 2-liter fuel sample.

Table 4.1. Diesel fuel properties used during controlled zone sampling.
Fuel Property
Heat of Combustion [BTU/gal]
API Gravity @ 15.6 °C [°API]
Cetane Number
Sulfur by UV [ppm]
Flash Point, Closed Cup [°C]

Test Method
ASTM D240
ASTM D1298
ASTM D613
ASTM D5453
ASTM D93

ULSD
143,682
35.5
42.3
5.46
59.5

4.2. CONTROL STRATEGIES EVALUATION
The mining industry has been utilizing various strategies to reduce emission
concentration from diesel engines, such as improving local ventilation. However, in some
cases, the air quantity cannot be increased. Therefore, other strategies have been
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implemented to control the emissions. In this study, four of the mine’s strategies and the
effectiveness of each have been evaluated. Following are the mine’s control strategies:
i.

Upgrading the Light Duty (LD) personnel carrier

ii.

Sintered Metal Filter (SMF) system

iii.

Utilizing Disposable Filter Element (DFE)

iv.

Utilizing Tier IV diesel engine

In order to evaluate the effectiveness of each strategy, the respective test
equipment was taken into the controlled zone and sampling was conducted.
4.2.1. Personnel Carrier Upgrade. LD personnel carriers are the primary means
of travel in the mine. The carriers are used for purposes such as carrying employees from
the intake shaft to the working place. In order to improve air quality, the mine has been
retiring old diesel personnel carriers and replacing them with new ones.
In this study, the results of tests conducted on a retired personnel carrier (RPC,
retrofit Duce Jeep) powered Cummins 4B3.9 (EPA Tier 0) and a new personnel carrier
(NPC, retrofit new Jeep) powered by a VM North America RA428JE8.05A (EPA Tier 3)
engine were used to compare the effects of personnel carrier engine design. The engines
were evaluated by measuring (1) mass concentration of EC, (2) number concentrations of
aerosol in mine air, and (3) size distribution of aerosols. The EC samples and
measurements with FMPS were done at both downstream and upstream stations.
4.2.1.1. Effect of mass concentration on EC. The NIOSH 5040 carbon analysis
was (NIOSH 5040) performed on triplicate samples of submicron aerosols collected at
the downstream and upstream stations. The results are summarized in Table 4.2. In each
case the controlled zone ventilation rate was calculated to be 5.43 m³/s (11,500 ft³/min).
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Table 4.2. EC concentration at downstream and upstream sampling station for
Duce and J8.
Vehicle Type
Jeep Duce (RPC)
Jeep J8 (NPC)

Average Estimated EC
Downstream
μg/m³
88.3 ± 2.7
16.7 ± 1.9

Average Estimated EC
Upstream
μg/m³
9.0 ± 0.5
9.0 ± 1.2

The results show that the background EC concentrations are relatively minimal
and consistent during both testing periods at level of 9 μg/m3. The EC concentrations
were estimated to be approximately 90 percent lower for the new personnel carrier than
the retired one.
4.2.1.2. Effects on number concentrations. FMPS measurements from both
downstream and upstream sampling stations were also analyzed. Figure 4.9 shows the
FMPS measurements during both test periods for 7200 seconds. The FMPS at the
upstream sampling station only recorded data for 3600 seconds during the new personnel
carrier test.
As shown in Figure 4.9, number concentrations increased at 2300 s during testing
Duce. The results show both downstream and upstream concentration increased
simultaneously. The lateral gap represents the time for the air to travel from upstream to
downstream sampling station. This shows that monitoring upstream sampling station was
important to deduct the measured upstream concentration from downstream
concentrations.
As shown in Figure 4.9, the aerosol concentrations from the upstream sampling
station were found to be relatively low. The concentration was approximately 3 percent
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of number concentrations during the NPC (Jeep J8) and 13 percent for the RPC (Jeep
Duce) at the downstream sampling station.
Figure 4.10 shows the continuous collected data at the downstream and upstream
stations used to calculate the background-corrected (downstream - upstream) average
concentrations (CDown-CUP) for 600-second intervals.
The results, averaged over selected time intervals, were used to assess the
differences in contributions from Duce RPC and J8 NPC to the number concentrations of
aerosols in mine air. The number concentrations for J8 NPC were found to be very
similar to those for Duce RPC, within measurement uncertainty.

Figure 4.9. Number concentrations of aerosols (FMPS traces).
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Figure 4.10. Corrected FMPS average concentration in 600 seconds interval (ventilation
rate 5.43 m3/s).

4.2.1.3. Effect on size distributions of aerosols. The FMPS size distribution was
plotted at selected instances (every 1000 seconds) for upstream and downstream
sampling stations. Figure 4.11 shows the size distribution in downstream sampling
stations.
The results show that background concentrations stayed fairly consistent during
both tests. Duce (RPC) size distribution fitted in bi-model distribution whereas the J8
(NPC) particle size is normally distributed.
Table 4.3 and Table 4.4 show the aerosol distribution in single and bi-modal
modes for upstream and downstream sampling station. The distributions of those aerosols
between nucleation and agglomeration modes did not exhibit any specific trends. During
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RPC test, the aerosols at downstream station were distributed in single or two modes,
with the majority of the aerosols in agglomeration mode.
The aerosols at downstream sampling station produced by Jeep J8 were
distributed in single mode. The CMD of those aerosols was rather small, around 25 nm.
The major difference in the size of aerosols contributed by Jeep Duce and Jeep J8 is
consistent with major difference in contribution of those engines to EC mass
concentrations.

Figure 4.11. Size distribution of aerosols at downstream sampling station measured by
FMPS.
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Table 4.3. Statistical parameters including count median diameter (CMD), spread (σ), and
total concentrations for size distributions of aerosols measured with FMPS at upstream
sampling station during the tests on Jeep Duce and Jeep J8 (ventilation rate of 5.43 m³/s
(11,500 ft³/min)).
MODE 1
Exhaust
Configuration

Jeep Duce

Jeep J8

Test
Mode
2000
3000
4000
5000
6000
7000
2000
3000

MODE 2

CMD

σ

nm

-

Total
Conc.
#/cm³

18.0
12.0

1.780
1.900

2.37E+04
5.90E+02

16.3
15.3

1.740
1.870

2.33E+04
1.16E+04

20.6

2.360

4.97E+03

CMD

σ

nm
86.3

1.360

Total
Conc.
#/cm³
1.47E+02

91.2
107.8
110.7
114.4
87.0
108.2

1.370
1.270
1.510
1.490
1.390
1.390

1.68E+02
1.77E+02
2.37E+04
5.40E+03
4.54E+02
2.15E+03

Table 4.4. Statistical parameters including count median diameter (CMD), spread (σ), and
total concentrations for size distributions of aerosols measured with FMPS at downstream
sampling station during the tests on Jeep Duce and Jeep J8 (ventilation rate of 5.43 m³/s
(11,500 ft³/min)).
Vehicle ,
Exhaust
Configuration

Jeep Duce

Jeep J8

MODE 1
Test
Mode

CMD

σ

2000
3000
4000
5000
6000
7000
2000
3000
4000
5000

nm
31.4
15.0
34.6
14.0
36.6
15.4
27.0
25.0
25.7
25.0

2.100
1.470
1.710
1.420
2.390
1.490
1.770
1.820
1.820
1.770

6000

24.7

1.810

7000

25.3

1.820

Total
Conc.
#/cm³
3.92E+05
7.87E+04
5.21E+05
1.03E+05
3.20E+05
1.80E+05
2.64E+05
2.95E+05
3.28E+05
3.78E+05
3.56E+0
5
3.03E+0
5

MODE 2
CMD

σ

nm

-

Total
Conc.
#/cm³

70.8

1.710

1.24E+05

64.9

1.740

1.12E+05

67.0

1.730

1.70E+05
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4.2.1.4. ELPI+ number size distribution measurement. Morphological
analyses were conducted on samples taken from various stages of the ELPI +. TEM grids
were attached to the aluminum foils. During each TEM sampling, TEM grids were placed
on three or four stages of ELPI+. Greased aluminum foils were placed on the stages
without TEM grids to reduce the particles from bouncing to lower stages of impactor.
Two TEM grids were placed on each aluminum foil. Table 4.5 shows the D50% (µm) of
ELPI+ stages provide by manufacturer calibration sheet.

Table 4.5. ELPI+ cut points diameter as per the calibration sheet.
Stage # Dp (μm) Stage # Dp (μm)
1

0.006

8

0.380

2

0.15

9

0.600

3

0.029

10

0.943

4

0.053

11

1.620

5

0.093

12

2.460

6

0.154

13

3.640

7

0.255

14

5.340

15

9.840

Two sets of TEM samples were collected during the test. TEM grids were placed
on 3, 5, 7 and 9 stages during the first sampling and on the stages 2, 4 and 8 during the
second sampling. Samples were taken for 1 minute at 30 minutes and 90 minutes into the
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2 hour long test. Figure 4.12 shows the number size distribution recorded by ELPI +
during both tests. The size distribution during both tests was observed to be consistent.
Figure 4.13 shows the number size distribution during testing Jeep Duce (RPC).
One set of grids were place on stages 3, 5, 7 and 9. The number of particles larger than
0.1μm (accumulation mode) is noticeably higher during the sampling period for Duce. As
shown in Figure 4.13, concentrations of particles as large as 0.31 μm are recorded.
4.2.1.5. Number size distribution by S/TEM analysis. S/TEM images were
used to obtain projected area equivalent diameter (Dprojected) of diesel agglomerates in
different ELPI+ stages. Figure 4.14 shows the number size distribution for tests on Jeep
J8 where TEM grids were placed in stages #2, #3, #4, #5, #7 and #8, and Jeep Duce
where TEM grids were place on ELPI+ stages #3, #5 and #7. Tables 4.6 and 4.7 show the
normal distribution parameters for calculated Dprojected curve using JMP software for TEM
samples on J8 and Duce.

a

b

Figure 4.12. Jeep J8 new personnel carrier ELPI+ number size distribution concentration
dN/dlogDp (1/cm3) vs aerodynamic diameter (µm) plotted over 60 seconds. a) test 1,
TEM grids on stage #3, #5 and #7. b) test 2, TEM grids on stage #2, #4 and #8.
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Figure 4.13. Jeep Duce retired personnel carrier ELPI+ number size distribution
concentration dN/dlogDp (1/cm3) vs aerodynamic diameter (µm) plotted over 60
seconds, TEM grids on stage #3, #5 #7 and #9.

a

b

Figure 4.14. Number size distribution. a) Jeep J8 Projected area equivalent diameter
(Dprojected) (nm) on ELPI+ stages #2, #3, #4, #5, #7 and #8. b) Jeep Duce projected area
equivalent diameter (Dprojected) (nm), ELPI+ stages #3, #5, #7.
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Table 4.6. Jeep J8 Dprojected number size normal distribution properties.
Type
Location
Dispersion

Paramet
er
μ

Estimate

Lower 95%

Upper 95%

98.85

83.55

114.14

σ

42.42

34.01

56.40

Table 4.7. Jeep Duce Dprojected number size normal distribution properties.
Type

Parameter

Estimate

Lower 95%

Upper 95%

Location

μ

106.06

84.91

127.21

Dispersion

σ

63.4

51.58

82.39

The results show that both personnel carriers Dprojected fitted in single mode normal
size distribution, where the median for Duce (RPC) was at 106nm whereas for J8 (NPC)
measured at 98 nm. Larger primary particles for Jeep Duce equipped with pre tier engine
is in agreement with ELPI measurement described in 4.2.1.5.
Figure 4.15 shows the number size distribution collected by FMPS and number
size distribution derived from S/TEM analysis. The plotted FMPS concentration number
size distributions were in the approximate time frame as ELPI+ TEM grids sample
collection. It was also determined that larger agglomerates were measured for Jeep Duce.
As shown in the figure the number size distribution derived from Dprojectd are higher than
the FMPS readings.
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The difference in readings could be due to several reasons. The average primary
particle diameter measured at approximately 25 nm. During the S/TEM analysis, the
agglomerates in the range of 15 nm to 25 nm were scarcely found. In addition the FMPS
readings what had been measured at one second and the aerosols characteristics could
vary constantly in the mine atmosphere.
The Dprojected size distribution chart were derived from image analysis on the
collected agglomerates during personnel carrier tests. The comparison of FMPS graph
and Dprojected was conducted to evaluate the power relation of
Lmax ~ kDαprojected ~ kDαmobility where k is proportionality constant and a is exponent for
power relation. The curves in both cases Jeep J8 and Jeep Duce the samples are normally
distribute where Dprojected is used as a surrogate to Dmobility.
It is important to note that curve shown in Figure 4.15 may not represent the
number concentration of particle in the atmosphere and solely based on collected
agglomerate on TEM grids. However, generating size distribution using image analysis
was time consuming and multiple steps and known constraints in nucleation range.
Kittelson (1998) found particulate ranges accumulated on the grids, where fine
particles range as Dprojected < 2.5 µm, ultra-fine particles Dprojected < 0.1 µm and
nanoparticles Dprojected < 0.05 µm.
As seen in Figure 4.15, the collected agglomerates are in the range of ultra-fine
and nanoparticles. In addition, FMPS normal distribution shows the particles in the
nucleation mode where the Dprojected distribution presents the agglomerates in the range of
accumulation mode excluding the volatile and semi-volatile agglomerates which
evaporated by the impact of beam of electrons.
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Figure 4.15. FMPS number size distribution concentration for the two personnel carrier
(dN/dlog (Dp)) for various mobility diameters, and projected area equivalent diameter
(Dprojected) (nm) vs dN/dlog Dprojected.

Park et al. (2004) showed that mobility diameter for the diesel particles between
50- 220 nm nearly equals to the Dprojected obtain from TEM analysis. They also showed
the power relation of 1.26 between Lmax and Dprojected. Figure 4.16 shows the power
relationship between for Lmax and Dprojected for the agglomerates collected during LD tests
where Dprojected is a surrogate for Dmobility. For the LD tests a was determined between 1.16
(for Jeep J8) and 1.18 (for Jeep Duce) which is close to the range of what was previously
determined by Park et al. (2004) at 1.26 for John Deere 4045, 4 cylinder, 75 kW and
Chakrabarty et al. (2006) determined α between 1.22 and 1.26 for Buick Century,
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Chevrolet C2 and Chevrolet El Camino. It is important to note that previous studies were
through fresh diesel tailpipe sampling whereas controlled zone sampling for personnel
carriers was practically aged diesel particle.

Figure 4.16. Relationship between maximum length (Lmax) (nm) and projected
equivalent diameter (Dprojected) (nm) for Jeep Duce and Jeep J8.

4.2.1.6. Primary particle diameter, fractal dimension and shape factor
analysis. Mustafi and Raine (2009) explained that during the coagulation process,
particles collide and form a larger primary spherical particle. They also explained that
continued collisions between the spherical primary particles result in larger clusters of
chain-like agglomerates as the rate of particle growth slows down. Figure 4.17 a and b
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show the diameter of primary particle analyzed on the S/TEM images for Duce and J8.
The peak for Duce primary particle diameter is 25.15 nm with the s = 6.1 nm where for
J8 at 21.59 nm with the standard deviation of 5.9 nm. Jeep Duce primary particle
diameter was larger for Jeep Duce compared to the Jeep J8. In addition, larger than usual
primary particles (dp>35 nm) were measured during Duce imaging analysis where three
primary particle of that size were measured during J8 analysis.

a

b

Figure 4.17. Average primary particle diameters (nm) vs count a) Jeep Duce, retired
personnel carrier b) Jeep J8, new personnel carrier.

The fractal morphology of agglomerates varies based on the engine operating
conditions, accumulation and sampling conditions. In this study, fractal dimension based
on the maximum length (Lmax) is used to compare the personnel carriers’ particulate
morphology. Figure 4.18 a and b show the fractal dimension for the Jeep J8 (new
personnel carrier) and Jeep Duce (retired personnel carrier). Fractal dimension is
represented by the slope of power relationship between number of primary particles in
the agglomerates versus

𝐿𝑚𝑎𝑥
̅̅̅̅
𝑑𝑝

on the logarithmic scale. The fractal dimension calculated
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with and without the impact of primary particle overlapping. In order to consider the
overlap in 𝑛𝑝 (Figure 4.18 b) the values suggested by Oh and Sorenson (1997),
considered the primary particles overlapping parameter (d), values of a=1.19 and 𝑘𝛼 =
1.81 used in Equation 2.3. Koylu et al. (1995) suggested values of a=1.09 and 𝑘𝛼 = 1.21
to calculate the fractal dimension for the agglomerates.
It can be observed that the fractal dimension for the Jeep Duce is 1.53 where for
the new personnel carrier (J8) it is 1.9. The measured fractal dimension reported by Lee
et al. (2003) and Zhu et al. (2003) was in the range of 1.46 to 1.70 for light duty diesel
engine while engine was operating at low and high load. Mustafi and Raine (2009)
reported the fractal dimension for light duty engine in the range of 1.69 to 1.88 for
different engine load and fueling conditions. The overlapping conditions were considered
to calculate fractal dimension as shown in Figure 4.18 b where 𝑛𝑝 is sensitive to the
overlap values which is estimated using equation 2.3. The estimation is derived from
projected values obtained from image analysis; projected area of agglomerates and
average projected area of primary particles (𝐴𝑎 ⁄𝐴𝑝 ).
OC and volatile particles could occupy the gap between EC cores of primary
particle and result in high overlap parameters (Chakrabarty et al., 2006). The obtained
fractal dimension of 1.67 for Jeep Duce and 2.0 for Jeep J8 were higher. Generally the
lower fractal dimension is the indicative of more chain-like agglomerates where larger
fractal dimension indicate more spherical particulate agglomerates (Lee et al., 2003;
Mustafi and Raine, 2009). It is concluded that agglomerates analyzed for Jeep Duce are
more chain-like compared to the Jeep J8 (NPC).
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a

b
Figure 4.18. Fractal dimension obtained from S/TEM analysis for personnel carrier Duce
and J8. a) Calculated number primary particles without overlap. b) Calculated number of
primary particle with overlap.
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Nord et al. (2004) explained the shape factor descriptor as minor and major axes
of the best fitted ellipses around the particle agglomerates. They also explained that shape
factor is parameter which is sensitive to particulate elongation. If the calculated shape
factor is close to 1.0, it indicates that the agglomerates are nearly spherical, where 0.1
shape factor is an indicative of long-chained or elongated agglomerates (Nord et al.,
2004; Mustafi and Raine, 2009). Figure 4.19 a and b show the shape factor for the
agglomerates collected for Duce and J8. As shown in Figure 4.19 a, the analyzed
agglomerates for Jeep Duce are rather elongated and long-chained with the peak of 0.58
and the s = 0.18. The peak indicates more irregular shaped agglomerates compared to
Jeep J8. It is also shown that several agglomerates were collected in the ranges lower than
0.4. Figure 4.19 b shows the shape factor for the agglomerates analyzed for Jeep J8 where
normally distributed with the peak of 0.68 and s = 0.14. The high peak indicates more
spherical compared to Jeep Duce. It is important to note that TEM grid samples were
collected while personnel carriers were completing a similar cycle in the controlled zone.
It was assumed the engine operating conditions were to be similar.

a

b

Figure 4.19. Shape factor for the collected agglomerates a) Jeep Duce b) Jeep J8.
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4.2.1.7. Summary of personnel carrier. The primary particle diameter was
measured for both light duty personnel carriers. It was observed that the primary particle
diameter is slightly lower in the case of Jeep J8 NPC. The range of 25.15 nm with the σ =
6.1 nm for Jeep Duce RPC where for Jeep J8 at 21.59 nm with σ of 5.9 nm.
The FMPS readings show the J8 has the single mode distribution where for Jeep
Duce it varied in single mode and bi-modal distribution. The number size distribution for
the agglomerates measured by S/TEM analysis had mainly in the nuclei (Dprojected <
100nm) and accumulation (100 nm < Dprojected < 1.0 μm). The Dprojected number size
distribution curves were plotted for both personnel carriers is a single mode and normally
distributed. It was observed that the distribution did not match than that of FMPS due to
volatile and semi volatile particles which were to evaporate by the beam of electrons
1.18
before they could be analyzed. The Power relation of Lmax ~ kD1.18
projected ~ kDmobility

was determined for the LD personnel carriers. The NIOSH 5040 analysis showed that
Jeep J8 powered by EPA Tier 3 engine contributed 90 percent less to the EC
concentrations and equally to the number concentrations of aerosols than the personnel
carrier powered by Jeep Duce pre EPA Tier engine. The reductions in mass
concentrations are potentially the result of differences in the size of the aerosols emitted
by two engines.
The fractal dimension analysis showed the fractal dimension of 1.53 to 1.67 for
Duce and 1.9 to 2.0 for J8. It was concluded that the agglomerates collected during Duce
test were more chain-like whereas more spherical particulates were noticed for J8. This
also is in agreement with shape factor analysis where Duce agglomerates are elongated
and long-chained with the peak of 0.58 and the s = 0.18 where the shape factor for the
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agglomerates analyzed for J8 where more spherical and normally distributed with the
peak of 0.68 and s = 0.14.
4.2.2. Sintered Metal Filter (SMF AR) System. The effectiveness of retrofittype sintered metal filter (SMF) systems in curtailment of aerosol emissions from EPA
Tier 3 diesel engine in Emico 915, non-permissible HD vehicle, was examined during
two tests. For the first test, in order to establish the baseline emissions for Cummins
QSB6.7 engine, the SMF system was bypassed and fuel dosing was disabled.
Previously, laboratory and field evaluations showed that similar systems are
effective in reducing mass and number concentrations of diesel aerosols (Bugarski et al.,
2009, 2013, 2016) emitted by a LD engine. The study conducted by Bugarski et al.
(2016) showed that the system was also very effective in removing iron-containing
aerosols from the exhaust.
4.2.2.1. Effect of SMF-AR system on mass concentration of EC. The results of
the carbon analysis performed on the triplicate samples of submicron aerosols collected at
downstream and upstream sampling stations are shown in Table 4.8. The controlled zone
ventilation rate was measured at the value of 5.43 m³/s (11,500 ft³/min).

Table 4.8. EC concentrations at downstream and upstream sampling stations during
SMF-AR tests.
Vehicle, Exhaust Configuration
Eimco 915, without SMF
(baseline)
Eimco 915, with SMF (main)

EC at downstream station EC at Upstream station
μg/m³
μg/m³
627.9 ± 60.0

20.4 ± 0.8

25.3 ± 3.7

5.3 ± 2.7
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The reduction in the EC concentrations in controlled zone air between two tests
when the SMF-AR system was bypassed and fully functional was estimated to be
approximately 97 percent.
4.2.2.2. Effect of SMF-AR system on number concentrations of aerosols. The
results of continuous monitoring of concentrations of aerosols at upstream and
downstream sampling stations measured with FMPS during two tests conducted to
evaluate SMF-AR system are shown in Figure 4.20.
In order to collect adequate quantities of diesel aerosols on the sampling filters
and avoid contamination of FMPS column, the test of Eimco 915, with SMF-AR was
substantially longer than the test of Eimco 915, without SMF-AR (7200 s VS 3000 s).
The contribution of the background (upstream sampling station) to number
concentrations at downstream sampling station were found to be relatively modest, on
average 4.1 percent for the test of Eimco 915, with SMF and 7.9 percent for the test of
Eimco 915, without SMF-AR.
The continuous data was used to calculate the background-corrected average
concentrations for 600-second intervals shown in Figure 4.20 b. In the case of test with
fully functional SMF system, the number concentrations at downstream sampling station
did not substantially changed for duration of the test, indicating that performance of the
system was not substantially affected by accumulation of diesel aerosols in the filtration
media. The results, averaged over selected time intervals, were used to assess the
differences in the particulate number concentrations in mine air between cases when the
SMF-AR system was bypassed and fully functional. When SMF-AR was used, the
concentrations were found to be approximately 93 percent lower.
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a

b
Figure 4.20. Number concentrations of aerosols for the SMF-AR tests: a) FMPS traces,
and b) FMPS averages (ventilation rate of 5.43 m³/s (11,500 ft³/min)).
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4.2.2.3. Effects of SMF-AR system on size distribution of aerosols. The
distribution of aerosols at upstream sampling station and downstream sampling station
measured with FMPS at selected instance during both tests are shown in Figure 4.21.

Figure 4.21. Size distributions of aerosols for Eimco 915 SMF test at downstream
sampling station (ventilation rate of 5.43 m³/s (11,500 ft³/min)).

The statistical parameters for the lognormal curves fitted to the distributions at the
upstream sampling station are given in Table 4.9. Those for the downstream sampling
station distributions are given in Table 4.10.
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Table 4.9. Statistical parameters including count median diameter (CMD), spread (σ), and
total concentrations for size distributions of aerosols measured with FMPS at upstream
sampling station during the tests on Eimco 915 (ventilation rate of 5.43 m³/s (11,500
ft³/min)).
Vehicle, Exhaust
Configuration

Test
Time
(s)

Eimco 915,
without SMFAR

1000
1679
1829
2000
2452
2903

Eimco 915, with
SMF-AR

3000

MODE 1
CMD

Σ

Nm
21.7
18.6
20.5
20.3
40.2
22.2

2.020
1.890
1.900
2.300
2.100
1.800

MODE 2
Total
Conc.
#/cm³
2.95E+04
2.03E+04
1.71E+04
1.29E+04
8.11E+03
1.66E+05

CM
D
nm
96.0
101.4
103.3
107.5
115.3

1.570
1.510
1.510
1.480
1.410

Total
Conc.
#/cm³
2.31E+04
7.88E+03
9.90E+03
5.87E+03
3.29E+03

90.3

1.530

1.59E+02

σ

Table 4.10. Statistical parameters including count median diameter (CMD), spread (σ),
and total concentrations for size distributions of aerosols measured with FMPS at
downstream, during the tests on Eimco (ventilation rate of 5.43 m³/s (11,500 ft³/min)).
Vehicle ,
Exhaust
Configuration

Eimco, without
SMF-AR

Eimco, with
SMF-AR

Test
Mode
1000
1679
1829
2000
2452
2903
3000
4000
5000
6000
7000

nm

MODE 1
Total
σ
Conc.
#/cm³

5.3

1.590 1.99E+05

2.8

1.880 3.22E+05

4.9
4.9

1.850 2.23E+04
1.890 2.17E+04

10.7
11.7

1.540 1.58E+04
1.270 3.41E+03

CMD

MODE 2
CMD

σ

nm
77.1
76.3
76.4
82.6
77.9
81.3
63.5
64.0
60.7
65.5
65.6

1.490
1.480
1.490
1.500
1.510
1.630
1.500
1.500
1.500
1.520
1.520

Total
Conc.
#/cm³
1.33E+06
1.83E+06
1.19E+06
1.32E+06
9.70E+05
1.02E+06
7.68E+04
6.52E+04
1.17E+05
1.17E+05
9.76E+04
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In the majority of cases, the aerosols at the upstream sampling station were found
to be distributed relatively evenly between nucleation and agglomeration modes. The
aerosols at the downstream sampling station were distributed in single or two modes,
with the majority of the aerosols in agglomeration mode. The Count Median Diameters
(CMD) of the agglomeration mode aerosols at the upstream sampling station (Table 4.9)
were found to be somewhat larger than the CMDs of the freshly generated aerosols at the
downstream sampling station (Table 4.10).
The agglomeration mode aerosols at the downstream sampling station produced
by Eimco 915 operated without SMF-AR had somewhat larger CMDs than the aerosols
produced by the same vehicle retrofitted with SMF-AR system (Table 4.10). The
concentrations of nucleation modes aerosols at downstream sampling station were
relatively low when compared with those of agglomeration aerosols.
It was observed that the evaluated sintered metal filter (SMF-AR) system was
very effective technology for curtailment of aerosol emissions from HD diesel-powered
vehicle. After SMF was installed, the concentrations of aerosols in mine air dropped by
approximately 93 percent. The use of the system did not result in increase of nucleation
mode aerosols.
4.2.2.4. ELPI+ number size distribution measurement. Morphological
analysis was conducted on samples taken in various stages on ELPI+ during both tests on
Eimco 915. During the first test (SMF-AR was bypassed) TEM grids were attached to the
aluminum foils on ELPI+ stages #3, #5 and #7 where for the second test (SMF-AR
enabled and fully operational) TEM grids were attached to ELPI+ stages #2, #4, #6 and
#8. The cut off points of ELPI+ stages are shown in Table 4.5, per manufacturer
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calibration sheet (Dekati. Inc). Greased aluminum foils where placed on the stages
without TEM grids. Two TEM grids were placed on the aluminum foil. The sampling
time for each test was 30 seconds.
Figure 4.22 a and b show the number size distribution by ELPI+ during the 30second sampling time. It is important to note that the ELPI+ uses the particle
aerodynamic diameter to size the aerosols in the impactor.
The ELPI+ number size distribution graphs show the increase of number
concentration during the test without SMF-AR system. It is also noted that the small
particles at lower stages of ELPI+ were measured while the SMF-AR system was
engaged. The peak for both curves is located at 0.07 μm. The results are similar to
FMPS measurements. Figure 4.22 a shows large number of small volatile particles in
nucleation mode (also shown in Table 4.10) which do not contribute to mass
concentrations.

a

b

Figure 4.22. Size distribution during TEM grid sampling by ELPI+: a) SMF-AR system
bypassed, and b) SMF-AR system fully engaged.
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4.2.2.5. Number size distribution by S/TEM analysis. In order to determine the
size distribution using image analysis, the Dprojected was calculated by measuring multiple
attributes of agglomerates. Figure 4.23 a and b show the Dprojected number size distribution
curves. The results show that size distribution of agglomerates, without SMF-AR, follows
a normal distribution mostly in the accumulation range. However, for the test with SMFAR fully operational, the distribution was in nuclei and accumulation range. Table 4.11
and Table 4.12 show the distribution parameters for both tests.

a

b

Figure 4.23. Size distribution of agglomerates based on Dprojected (nm): a) Eimco 915
without SMF-AR. b) Eimco 915 with SMF-AR engaged.

Table 4.11. Statistical parameters of Dprojected size distribution of agglomerates Eimco 915
without SMF-AR.
Type
Location
Dispersion

Paramete
r
μ
σ

Estimate
143.97
59.32

Lower
95%
120.50
46.72

Upper
95%
167.43
81.30
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Table 4.12. Statistical parameters of Dprojected size distribution of agglomerates Eimco 915
with SMF-AR.
Type
Location
Dispersion

Paramete
r
μ
σ

Estimate
98.95
32.42

Lower
95%
82.82
24.33

Upper
95%
115.07
48.61

It was determined that larger particles were measured during S/TEM and imaging
analysis in the case where the SMF-AR was bypassed. The agglomerates with Dprojected >
200 were observed (Figure 4.23 a), whereas largest calculated Dprojected were smaller than
160 nm with SMF-AR engaged. The median (Table 4.11) of the distribution was at 143.9
nm with the standard deviation of 59.3 for test 1, significantly higher than 98.9 nm shown
in Table 4.12 with SMF engaged. Several agglomerates were measured in the nuclei
range during the test with SMF-AR engaged whereas most of the agglomerates are in the
accumulation mode without SMF-AR test.
Figure 4.24 shows the number size distribution measured by FMPS during both
tests. As shown in the figure, in the case where SMF-AR was bypassed, the number size
distribution measured by FMPS is higher with SMF-AR. Both FMPS size distribution
fitted in normal distribution with the peak CMD of 80 nm for Eimco 915 without SMF
(2452 sec) and 62 nm with SMF-AR at 6000 sec. The Dprojected size distribution also fitted
normally with the peak of 143 nm without SMF-AR and 98 nm with SMF-AR engaged.
It is important to note that most of agglomerate measured during image analyses was in
the accumulation range except some of the ones with SMF engaged. The peak for the
Dprojected without SMF-AR is higher than that of measured by FMPS as a result most of
sampled agglomerates were in accumulation range with σ of 59 nm where high
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concentration of agglomerates collided and resulted larger conglomerates. It was
observed that high concentration of emission when HD engine was operating without
SMF-AR resulted in larger Dprojected values. Figure 4.25 shows the relationship between
the maximum length and projected area equivalent diameter for both tests. As shown in
the figure, this relationship is not linear and the power relationship is similar with a
determined between 1.15 without SMF-AR and 1.16 with SMF-AR. The result show that
the difference of α between the tests were negligible. In addition the results show that α
for HD engine is slightly lower that what was measured during personnel carrier test and
usage of filter did not have a significant impact.

Figure 4.24. FMPS number size distribution concentration for the Eimco 915 tests
(dN/dlog (Dp)) for various mobility diameters, and projected area equivalent diameter
(Dprojected) (nm) vs dN/dlog Dprojected.
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Figure 4.25. Relationship between Lmax and Dprojected for agglomerates collected during
the SMF-AR tests.

4.2.2.6. Primary particle diameter, fractal dimension and shape factor
analysis for SMF-AR tests. The primary particle diameter for all the samples collected
during the SMF-AR test are shown in Figure 4.26 a and b. The results show that the mean
for primary particle diameter with SMF-AR system engaged is 25.7 nm with s = 7.7 nm
which is slightly higher than that of without SMF-AR with the mean of 22.4 nm and s =
4.7 nm. The distribution curve (Figure 4.26 b) show the primary particles diameter in the
range 40 nm and higher. This suggests that perhaps the SMF-AR thermal treatment could
impact the primary particle in the nuclei or accumulation modes.
The fractal dimension analysis was also conducted on the samples. Figure 4.27 a
and b show the fractal dimension based on the Lmax for SMF-AR tests, where the slope of
the power relationship represents the Dfl. Figure 4.27 b shows the fractal dimension with
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Oh and Sorensen (1997) suggested values of a=1.19 and 𝑘𝛼 = 1.81 to consider
overlapping primary particle calculated counts. The SMF-AR with an active regeneration
system increases the temperature. Liati and Eggenschwiler (2010) identified that the
particles subjected to thermal treatments or oxidative process change their nanostructure.
They also determined that thermal treatment results in desorption of volatile and semivolatile and reorientation of carbon chains in the structure.
As shown in Figure 4.27 a, the fractal dimension for agglomerates collected when
SMF-AR system was bypassed are in the range of 1.44 to 1.57. The calculated fractal
dimension with the SMF-AR system engaged was in the range of 1.23 to 1.35. The
results suggest that the collected agglomerates with SMF-AR engaged are more chainlink compared to the latter. However, it is important to note that high temperature due to
regeneration cycle could impact the sample’s nanostructure. Smaller Dprojected
agglomerated with slightly larger primary particle and high number concentrations of
nucleation range particles are the determined properties which were altered as the result
of SMF-AR usage.

a

b

Figure 4.26. Primary particle diameter (nm) for Eimco 915 test: a) Primary particle
diameter without SMF-AR. b) Primary particle diameter with SMF-AR system.
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a

b
Figure 4.27. Fractal dimension obtained from S/TEM analysis for Eimco with and
without SMF-AR system: a) Calculated number primary particles with overlap. b)
Calculated number of primary particle without overlap.
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The shape factor for both tests is shown in Figure 4.28 a and b. The results show
the median for both distribution curves were at 0.62 with s= 0.2 for Eimco 915 without
SMF-AR system and 0.64 with s = 0.17 with SMF-AR engaged. The results show there
are chain-link and spherical agglomerates in both tests, where in both cases the
agglomerates were rather spherical than chain-link.
The results also show that higher numbers of agglomerates were analyzed in with
lower shape factor compared to that of with SMF-AR engaged. The regeneration system
could also impact the shape factor analysis.

a

b

Figure 4.28. Shape factor distribution for Eimco 915 tests: a) Shape factor without SMFAR system. b) Shape factor with SMF-AR.

4.2.2.7. Summary 27DT SMF-AR. The primary particle diameter for the test
with SMF-AR engaged was higher (25.7 nm) compared to the test without SMF-AR
(22.4 nm). The results show that the shape factor for both tests were similar with both
sets of samples tend to have a median shape factor of 0.62 to 0.64 suggesting that the
agglomerates were rather spherical than elongated. The fractal dimension based on Lmax
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analysis showed lower Dfl of 1.35 for the samples collected with SMF-AR engaged. The
lower Dfl suggested more chain-like agglomerates with SMF-AR in operation. The
mobility and Dprojected distribution analysis showed the normally distributed particulates
1.16
and power relation of Lmax ~ kD1.16
projected ~ kDmobility . Dprojected results in caser of test

without SMF-AR was different that of FMPS curve. The difference was the results of
higher concentrations of large agglomerates during sampling where most of agglomerates
for the HD test without SMF-AR was in the accumulation range. The FMPS size
distribution curves showed higher CMD when the SMF-AR was bypassed. It was also
determined that minimal number of agglomerates were analyzed in the nuclei range. Also
ELPI+ and FMPS readings showed the high concentration of small particles mostly in the
nucleation range when SMF-AR was engaged, which these particles have minimal impact
in mass measurements. This was due to thermal treatment of SMF-AR, which resulted in
desorption of volatile and semi-volatile components. The other reason could be due to the
beam of electrons during S/TEM imaging that resulted in evaporation of such particles.
The mass concentration of EC reduced by 97 percent that showed the high effective of
the SMF-AR system. In conclusion with SMF-AR engaged, the number concentrations of
particles in nucleation range increased. These results were similar with FMPS and ELPI+.
The physical properties of agglomerates seemed to stay similar with Lmax ~ kD1.16
projected
and SF of close to 0.62. The mean primary particle diameter was 3.2 nm larger with
SMF-AR engaged. The fractal dimension however, was calculated between 1.23 to 1.35,
lower than HD engine.
4.2.3. Disposable Filter Element (DFE). The effectiveness of the filtration
systems with dry heat exchanger and two disposable filter elements (DFEs) from
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Donaldson (Model P604516) was examined. The objective was to evaluate the
curtailment of aerosol emissions from permissible HD vehicles powered by EPA Tier 2
diesel engines was examined during two tests. For the first test, the system was operated
without DFEs in the system. The second test was conducted after two new elements were
placed in the system.
Bugarski et al. (2009, 2011) previously found that after an initial DFE degreening period, a DFE filtration system such as Donaldson P604516, are very effective
in reducing total mass concentrations of aerosols. These studies also showed that the
efficiency of the DFEs increased significantly with operating time and the corresponding
buildup of diesel particulate matter in the porous structure of the filter elements.

a

b

Figure 4.29. Filtration system with DFEs on HD equipment: (a) DFE enclosure, and (b)
DFEs in the enclosure.

Two controlled zone tests of an HD LHD, powered by a Caterpillar 3126B HEUI
engine (EPA Tier 2) equipped with dry heat exchanger, were used to evaluate disposable
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filter elements (DFEs) from Donaldson (Model P604516). In the test, the following
quantities were measured: (1) mass concentrations of EC, (2) number concentrations of
aerosol in mine air, and (3) size distribution of aerosols and morphological S/TEM
analysis. The baseline was established with the DFEs removed from the filter canister
while the second test was conducted with fresh DFEs installed in the canister.
4.2.3.1. Effects of DFEs on mass concentrations of EC. The results of the
carbon analysis performed on the triplicate samples of submicron aerosols collected at
downstream and upstream sampling station using NIOSH 5040 method are summarized
in Table 4.13. As in prior tests, controlled zone ventilation rate was 5.43 m³/s
(11,500 ft³/min).

Table 4.13. EC concentrations at downstream and upstream for DFE tests.
Vehicle, Exhaust
Configuration
HD LHD, without DFEs
HD LHD, with DFEs

EC at downstream
sampling station
μg/m³
987.5 ± 13.7
58.1 ± 1.9

EC at upstream sampling
station
μg/m³
5.5 ± 0.3
9.7 ± 0.7

The reduction in the EC concentrations of the mine air between cases when the
DFEs were (with DFEs ) and were not (without DFEs) installed in the filtration system
are estimated to be approximately 95 percent.
4.2.3.2. Effects of DFEs on number concentrations of aerosols. The results of
continuous monitoring at the upstream and downstream sampling stations with FMPS are
shown in Figure 4.30. Quick saturation of the electrometers by the relatively high
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concentrations of aerosols caused the FMPS measurements at downstream, for the HD
LHD, without DFE test had to be terminated after only 1700 s. Only data collected
between 800 and 1400 s of that test were used for the analysis.
In order to collect adequate quantities of diesel aerosols on the sampling filters,
the main test was extended to 7200 s. However, due to limited availability of upstream
sampling station data, only data collected during the first 3600 s of the tests were used in
the analyses.
The contribution of the background (upstream sampling station) to number
concentrations at downstream sampling station were found to be relatively insignificant
for the baseline test, on average 0.3 percent. For the second test, although at the
concentration aerosols at upstream were in absolute terms relatively low, those still
contributed on average 16 percent to relatively low downstream sampling station aerosol
concentrations.
The continuous data was used to calculate the background-corrected average
concentrations for 600-second intervals (Figure 4.30 b). In the case of the second test, the
number concentrations at downstream sampling station gradually decreased during the
test. It appears that performance of the DFEs improved substantially with accumulation
of diesel aerosols in the filtration media. A similar trend was observed by Bugarski et al.
(2009).
The results, averaged over selected time intervals, were used to assess the
reductions in the particulate number concentrations in mine air when DFEs were used.
Those reductions were estimated to range between 80 percent (averaging period 800 to
1400s) to over 93 percent (averaging period 2400 to 3600s).
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a

b
Figure 4.30. Number concentrations of aerosols for the DFE tests: a) FMPS traces, and b)
FMPS averages (ventilation rate of 5.43 m³/s (11,500 ft³/min)).
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4.2.3.3. DFE impact on size distribution of aerosols. The distributions of
aerosols at upstream and downstream sampling station measured with FMPS at selected
instants during both tests are shown in Figure 4.31. The statistical parameters for the
lognormal curves fitted to the distributions at upstream and downstream sampling
stations are given in Table 4.14 and Table 4.15.
The distribution of aerosols at the upstream sampling station were single modal
(Table 4.14). In some cases, the CMDs of the agglomeration mode aerosols at upstream
sampling station (Table 4.14) were somewhat larger than the CMDs of the freshly
generated aerosols at downstream sampling station (Table 4.15). The distributions of
aerosols at downstream sampling station were single or bi-modal (Table 4.15). For the
baseline test, the aerosols at downstream sampling station were distributed in two modes,
with the majority of the aerosols in agglomeration mode similar to what Kittelson (1998)
classified diesel aerosols in three modes: nucleation mode (3-30 nm), accumulation mode
(30-500 nm), and coarse mode (>500 nm). In most cases, the agglomeration mode
aerosols at downstream sampling station produced by LHD had somewhat larger CMDs
than the aerosols produced by the same vehicle retrofitted with the filtration system with
DFEs (Table 4.15). The concentrations of nucleation modes aerosols at downstream were
relatively low when compared with those of agglomeration aerosols.
The results indicate that the filtration systems with disposable filter elements
(DFEs) are relatively effective technology for curtailment of aerosol emissions from
permissible vehicles powered by older technology HD diesel engines. The efficiency was
relatively low for “fresh” DFEs, but improved substantially with accumulation of diesel
aerosols in the filtration media.
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Figure 4.31. Size distributions of aerosols for the DFE tests at downstream (ventilation
rate of 5.43 m³/s (11,500 ft³/min)).

Table 4.14. Statistical parameters including count median diameter (CMD), spread (σ),
and total concentrations for size distributions of aerosols measured with FMPS at
upstream during the DFE tests (ventilation rate of 5.43 m³/s (11,500 ft³/min)).
MODE 1
Exhaust
Configuration
HD LHD, without
DFEs
HD LHD, with
DFEs

Test Mode
1000
1243
500
1000
2000
3000

CMD
nm
107.2
105.3
111.5
112.5
18.4
22.5

σ
1.440
1.420
1.450
1.710
1.990
1.890

Total
Conc.
#/cm³
2.89E+02
1.19E+02
1.60E+02
1.64E+02
1.75E+04
1.26E+04
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Table 4.15. Statistical parameters including count median diameter (CMD), spread (σ),
and total concentrations for size distributions of aerosols measured with FMPS at
downstream during the DFE tests (ventilation rate of 5.43 m³/s (11,500 ft³/min)).
Vehicle ,
Exhaust
Configuration
HD LHD,
without DFEs

HD LHD, with
DFEs

MODE 1
Test
Time
1000
1243
1532
500
1000
2000
3000
4000
5000
6000
7000

Total
CMD
σ
CMD
Conc.
nm
#/cm³
nm
4.6 1.980 1.69E+05 85.4
8.2 1.520 7.31E+04 93.1
6.0 1.520 7.37E+05 107.3
76.1
77.6
79.7
78.2
79.5
88.1
74.3
1.1 2.390 1.86E+04 104.1

MODE 2
σ
1.470
1.500
1.610
1.460
1.460
1.490
1.510
1.490
1.510
1.750
1.500

Total
Conc.
#/cm³
1.36E+06
1.80E+06
3.63E+06
6.06E+05
3.47E+05
2.84E+05
1.63E+05
1.60E+05
7.67E+04
4.18E+04
3.30E+03

4.2.3.4. ELPI+ size distribution measurement. The ELPI+ multi-stage
impactor was also used to collect samples for S/TEM analysis. Two sets of prepared
samples were used to conduct the sampling. Two TEM grids were attached to the
aluminum at the designated stages, #3, #5, #7 and #9. Greased aluminum foils were
placed on the other stages except the stages with taped TEM grids. The sampling was
performed for 30 seconds for each test (with and without DFEs). Figure 4.32 shows the
ELPI+ number size distribution during both sampling tests.
The ELPI+ number size distribution graphs show the number concentration was
lower with DFEs. During the test with DFEs the number size distribution increased in
lower stages of ELPI+. It is also noted that the small particles at lower stages of ELPI+
which did not impact the mass concentrations. The results show higher number
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concentration of the particulate in both nuclei and accumulation during the test with
DFEs where the mass contribution would be minimal.

a

b

Figure 4.32. Size distribution during TEM grid sampling by ELPI+: a) Without DFEs. b)
With DFEs.

4.2.3.5. Number size distribution by S/TEM analysis. TEM grids were placed
in #3, #5, #7 and #9 stages of ELPI+ impactor. The image analysis was performed and
multiple measurements were taken to determine the Dprojected values for each agglomerate.
Figure 4.33 shows the size distribution of agglomerates for the both tests. Table 4.16 and
4.17 contain the statistical parameters of the distribution curves shown in Figure 4.33.

Table 4.16. Statistical parameters of Dprojected size distribution of agglomerates LHD
without DFEs.
Type
Location
Dispersion

Parameter

Estimate

μ
σ

89.32
23.49

Lower
95%
76.30
17.20

Upper
95%
102.33
37.05

110
Table 4.17. Statistical parameters of Dprojected size distribution of agglomerates LHD with
DFEs.
Type
Location
Dispersion

Parameter

Estimate

μ
σ

79.89
21.57

a

Lower
95%
69.49
16.30

Upper
95%
90.29
31.9

b

Figure 4.33. Size distribution of agglomerates based on Dprojected (nm): a) LHD without
DFEs. b) LHD with DFEs.

These results show that the size distribution for agglomerates collected without
DFEs with higher CMD, at 89.32 nm (Table 4.16) with s = 24.4 nm. The CMD for the
agglomerates with DFEs normally distributed in a single mode with CMD of 79.8 nm
with s = 16 nm (Table 4.17). The Dprojected results are in agreement with FMPS
measurements as shown in Figure 4.34.
As shown in Figure 4.34, the Dmobility size distribution and Dprojected size
distribution are in agreement. The FMPS measurements and Dprojected results from S/TEM
analysis show the particles and agglomerates in the accumulation range. The FMPS CMD
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result for the 4000 sec is at 79.8 nm similar to the Dprojected distribution curve. The CMD
from FMPS without DFEs was at 85.4 nm similar to 89.3 nm Dprojected normal
distribution. The FMPS graph shows a bi-modal distribution at 1000 secs for the test
without DFE with the first mode at 4.6 nm with σ = 1.9nm and the second mode
determined at 85.4 nm (Table 4.16). It is important to note that first mode (4.6 nm) is in
the lower spectrum of nucleation mode (3-30 nm). The evaporation of volatile and semi
volatile materials with organic compounds would make imaging challenging. Therefore,
the Dprojected graph is single mode and normally distributed.

Figure 4.34. FMPS number size distribution concentration for the LHD tests (dN/dlog
(Dp)) for various mobility diameters (nm), and projected area equivalent diameter
(Dprojected) (nm) vs dN/dlog Dprojected (nm).
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The power relationship between Lmax and Dprojected was also determined. Figure
4.35 shows the relationship between the maximum length and projected area equivalent
diameter for both tests. This relationship is almost linear and the power relationship is
similar to the slope of 1.01 w/o DFEs and 1.07 with DFEs. The obtained value for a was
found to be lower than HD Eimco 915 in section 4.2.2.5 due to different engine types.

Figure 4.35. Relationship between Lmax and Dprojected for agglomerates collected during
the SMF-AR tests.

4.2.3.6. Primary particle, fractal dimension, shape factor analysis. The
primary particle diameter sizes for the collected agglomerates are plotted in Figure 4.36.
The results show that the primary particle diameters for the test with DFEs were normally
distributed with mean values of 24.5 nm and s = 6.04 whereas without DFEs it was
normally distributed with the mean value of 23.39 nm and standard deviation of 6.09 nm.
The results show the utilization of DFEs did not impact primary particle diameter size.
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a

b

Figure 4.36. Primary particle diameter (nm) for HD LHD test: a) Primary particle
diameter without DFE. b) Primary particle diameter with DFE.

The fractal dimension has been calculated with and without the DFE impact of
primary particle overlapping. In order to calculate the fractal dimension based on the Lmax
and consider overlap in 𝑛𝑝 (Figure 4.37) the values suggested by Oh and Sorenson
(1997), were used as a=1.19 and 𝑘𝛼 = 1.81 in Equation 3. Koylu et al. (1995) suggested
values of a=1.09 and 𝑘𝛼 = 1.21 to calculate the fractal dimension for the agglomerates.
As shown in Figure 4.37 the calculated Dfl for the test without DFEs was in the
range of 1.95 to 2.1. The Dfl results for the test with DFEs were lower between 1.86 to
2.03. Typically the lower fractal dimension suggests that the agglomerates are more
chain-like agglomerates. Shape factor analysis was also conducted on the collected
agglomerates.
The shape factor indicates elongation of the agglomerates. The mean distribution
for the test with DFEs was at 0.63 with s = 0.12. The values close to 1.0 show the
agglomerates with spherical shape where the values close to 0.1 tends to be elongated
chain-like agglomerates. The mean shape factor for the test without DFEs was at 0.61
with s = 0.16.
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a

b
Figure 4.37. Fractal dimension obtained from S/TEM analysis for LHD with and without
DFEs: a) Calculated number of primary particles with overlap. b) Calculated number of
primary particles without overlap.
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Figure 4.38 shows the shape factor distribution results. The results show that the
DFEs did not change the shape factor for the collected agglomerates. While the SF curves
are shown normally distributed for in both cases, it is important to show that histogram
counts show the bi-modal tendency for the test without DFE.

a

b

Figure 4.38. Shape factor distribution for LHD tests: a) Shape factor without DFEs. b)
Shape factor with DFEs.

4.2.3.7. Summary of DFEs. The effectiveness of DFE on Caterpillar 3126B
HEUI engine (EPA Tier 2) was evaluated. An effectiveness of 95 percent reduction in EC
concentration was measured using NIOSH 5040 method. FMPS number concentration
plot show the efficiency of DFE improved during the test.
Size distribution showed bi-modal distribution where DFE was bypassed.
However, a mostly single mode distribution was observed when DFE was engaged.
ELPI+ measurement aligned with FMPS size distribution showed high number
concentrations in lower stages of ELPI+. These small particles would have low impact in
1.01
mass. The obtained power law relation Lmax ~ kD1.01
projected ~ kDmobility ; were almost
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similar for both test, however it was lower compared to the HD EPA Tier 3 engines
tested in 4.2.2 and LD engines in 4.2.1.
The physical properties obtained using S/TEM imaging showed lower fractal
dimension for the test with the DFE engaged at 1.86. This is higher than HD EPA Tier 3
engine. The SF analysis determined similar results at 0.6 for both tests.
The primary particle diameter for both tests were similar at approximately 24 nm.
The Dprojected curves were entirely in agreement with that of FMPS for the test with DFEs
engaged with single mode distribution. However, due to evaporation of volatile and semivolatile particles at the lower spectrum of nucleation range (< 5 nm) the Dprojected was
single mode whereas FMPS data was bimodal. The results comparison of HD test with
and without DFE show that fractal dimension was the only projected property which
separated the results between the tests using S/TEM imaging.
4.2.4. Tier IVf Engine Upgrade. The results of the isolated zone tests of the
Tomcar, an LD personnel carrier powered by a Daihatsu EPA Tier 2 engine, and Gehl
forklift, an LD telescopic handler powered by a Yanmar 4TNV98C-NYEM Tier IV
engine, were also evaluated.
The effects of contemporary engines that meet EPA Tier IV standards (EPA
2016) could therefore be evaluated on the basis of: (1) mass concentrations of EC, (2)
number concentrations of aerosol in the mine air, (3) size distribution of aerosols, and (4)
morphological analysis by S/TEM imaging.
The evaluation was based upon EC samples, S/TEM analysis, ELPI+ and FMPS
data collected at both the downstream sampling station and the upstream sampling
station.
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4.2.4.1. Effect of contemporary LD engines on mass concentration of EC. The
results of the carbon analysis performed on the triplicate samples of submicron aerosols
collected at downstream and upstream sampling stations are summarized in Table 4.18. It
is important to note that the controlled zone ventilation rate was 5.43 m³/s (11,500
ft³/min). The EC concentrations measured for the Diesel Particulate Filter (DPF)
equipped Forklift were only 2 percent of the concentrations measured for the Diesel
Oxidation Catalyst (DOC)-equipped Tomcar.

Table 4.18. EC concentrations at downstream and upstream for tests on the contemporary
engines.
Vehicle, Exhaust
Configuration
Tomcar, DOC
Gehl Forklift, DPF

EC @ Downstream sampling
station
μg/m³
99.4 ± 1.4
12.2 ± 1.3

EC @ upstream sampling
station
μg/m³
15.0 ± 1.5
10.7 ± 0.1

4.2.4.2. Effects of contemporary LD engines on number concentrations of
aerosols. The results of continuous monitoring of concentrations of aerosols at the
upstream sampling station and the downstream sampling station measured with FMPS
during the two tests conducted to evaluate contemporary LD engines are shown in Figure
4.39.
In order to investigate the difference between a contemporary LD engine and a
Tier 2 LD engine, the two vehicles were tested in similar experiments. It’s important to
note that the Tier IVf engine was a newer engine technology with fewer operating hours,
compared to Tomcar Tier 2 engine equipped with EOC, with more operating hours.
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Both tests were 7200 s long, however, the FMPS at upstream sampling station
collected data for only 3600 s during the main test. The contribution of the background
(upstream sampling station) to number concentrations at the downstream sampling station
was found to be relatively modest for the Tomcar test -- on average 4.1 percent. In the
case of the test involving the low-emitting forklift, the background (upstream sampling
station) made a large fraction, on average 92 percent, of number concentrations at the
downstream sampling station.
The continuous data was used to calculate the background-corrected average
concentrations for 600-second intervals shown in Figure 4.39 b. The results, averaged
over selected time intervals, were used to assess the differences in contributions of
Tomcar and forklift to the particulate number concentrations in the mine air. The DPFequipped forklift was found to contribute approximately 99 percent less to the number
concentrations of aerosols than the DOC-equipped Tomcar.
Figure 4.39 a shows large variation in the upstream concentrations due to the local
traffic, upstream of what was used as the upstream sampling station. For the controlled
zone, the graph shows that Forklift equipped with Tier IV engine emissions rate were so
low such that the concentrations of upstream sampling station was higher than
downstream. Once the concentrations reached downstream stations the chart changed
location.
This proves that combination of Tier IV with DPF emission rate is lower than the
ambient background air in an underground atmosphere. It is important to note that the
resolution of results from downstream sampling station in the case of Tier IV test has
limitations due to the background concentrations.
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a

b
Figure 4.39. Number concentrations of aerosols for the tests on contemporary engines: a)
FMPS traces, and b) background corrected FMPS averages (ventilation rate of 5.43 m³/s
(11,500 ft³/min)).
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4.2.4.3. Effects of contemporary LD engine in size distribution of aerosols.
The distributions of aerosols at upstream and downstream sampling stations measured
with FMPS at selected instance during both tests are shown in Figure 4.40. The statistical
parameters for the lognormal curves fitted to the distributions at upstream sampling
station are given in Table 4.18. Those for downstream sampling station distributions are
given in Table 4.19.

Figure 4.40. Size distributions of aerosols for the tests on the contemporary engines at
downstream (ventilation rate of 5.43 m³/s (11,500 ft³/min)).

The aerosols at the upstream sampling station were found to be distributed in
agglomeration mode (Table 4.19). During tests on contemporary engine, the CMD of the
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aerosols at downstream sampling station was not steady and did not exhibit any
recognizable patterns (Table 4.20). This was as the result of localized traffic with higher
emission rate compared to that of contemporary engine. During the test involving the
Tomcar, aerosols at downstream sampling station were distributed in single
agglomeration mode. Bimodal distributions, with majority of aerosols in agglomeration
mode, characterized aerosol measured during Forklift test. In the case of the forklift, the
concentrations of nucleation modes aerosols at downstream were relatively low when
compared with those of agglomeration aerosols.
The DPF-equipped engine in the forklift that meets EPA Tier IV final emission
standard for engines with output below 56 kW (75 hp) (0.030 g/kWh, 0.022 g/bhp-hr)
contributed 98 percent less EC mass concentrations and 99 percent less to the number
concentrations of aerosols than the DOC-equipped engine in Tomcar.

Table 4.19. Statistical parameters including count median diameter (CMD), spread (σ),
and total concentrations for size distributions of aerosols measured with FMPS at
upstream during the tests on contemporary engines (ventilation rate of 5.43 m³/s (11,500
ft³/min)).
MODE 1
Vehicle, Exhaust
Configuration

Tomcar, DOC

Forklift, DPF

Test Mode

CMD

σ

2000
3000
3478
4000
5000
6000
7000
1230
3748

nm
47.1
65.0
72.4
60.2
81.7
84.3
89.6
30.8
79.1

1.910
1.620
1.530
1.580
1.500
1.420
1.390
1.780
1.700

Total
Conc.
#/cm^3
9.00E+04
6.04E+03
2.67E+03
2.35E+03
9.82E+02
5.17E+02
4.41E+02
6.66E+04
1.63E+03

122
Table 4.20. Statistical parameters including count median diameter (CMD), spread (σ),
and total concentrations for size distributions of aerosols measured with FMPS at
downstream during the tests on the contemporary engines (ventilation rate of 5.43 m³/s
(11,500 ft³/min)).
MODE 1
Vehicle, Exhaust Test
CMD
Configuration
Mode
nm
2000
3000
3478
Tomcar, DOC
4000
5000
6000
7000
4000
5340 10.9
5436 11.2
Forklift, DPF
5700 11.7
6600 11.2
7200 10.7

-

Total
Conc.
#/cm^3

1.140
1.160
1.220
1.130
1.210

1.85E+03
1.44E+03
2.05E+03
6.33E+02
3.21E+03

σ

MODE 2
CMD

σ

nm
47.7
47.5
48.8
46.7
45.5
47.6
45.8
63.5
37.9
37.6
42.7
39.8
28.3

1.450
1.440
1.440
1.460
1.490
1.510
1.690
1.750
1.840
1.740
1.610
1.790
1.680

Total
Conc.
#/cm^3
1.10E+06
1.05E+06
1.09E+06
1.10E+06
9.26E+05
1.07E+06
9.41E+05
3.36E+03
9.75E+03
1.09E+04
1.30E+04
3.79E+03
1.30E+04

4.2.4.4. ELPI+ size distribution measurements. The multi-stage ELPI+
impactor (Dekati Inc.) was used to collected samples for S/TEM analysis. TEM grids
were attached on ungreased aluminum (two grids per stage) and placed on stages #3, #5
and #8 for the Tier IVf test. Due to low background concentration during this test the
sampling time was 5 minutes. For Tomcar personnel carrier test, TEM grids were placed
on stages #2, #4, #6 and #8. The sampling time was 2 minutes. The traces of deposited
particulates were noticeable on the stages lower than stage #8 for Tomcar test. The
ungreased aluminum foils were placed on the other stages of impactor. Figure 4.41 shows
the ELPI+ size distribution during the sampling time for the forklift and Tomcar tests.
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a

b

Figure 4.41. Size distribution during TEM grid sampling by ELPI+: (a) Tomcar. (b)
Forklift.

The number concentration for the lower stages of ELPI+ is significantly higher in
the case of forklift with Tier IVf engine compared to Tomcar.
4.2.4.5. Size distribution by S/TEM analysis. The image analysis was conducted
to obtain Dprojected for the agglomerates collected during both forklift and Tomcar tests.
Figure 4.43 shows the Dprojected size distribution for Tomcar and forklift. The size
distribution for forklift equipped with Tier IVf fitted with normal distribution with mean
of 89.27 nm and s = 21.2 nm. The Tier IV engine test results may represent some of the
particulate from the background air and not solely represent the engine particulates. The
low concentration of emitted particle made it very difficult to collect samples dominated
by the Tier IVf engine emission. In addition, the FMPS measurements shown in Figure
4.42 shows the low number concentration in nuclei and accumulation range. The size
distribution for Tomcar (Figure 4.42 a) is normally distributed with the mean of 80 nm
and standard deviation of 25.35 nm. The Dprojected results compared to measured CMD of
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46.7 nm by FMPS at 4000 sec (Table 4.20) is higher. This was due to lack of ability to
image the semi-volatile and volatile agglomerates at nuclei and accumulation zone.
Dprojected size distribution results vary compared to the FMPS results where the low
concentration of particle were present in the nuclei and accumulation range.

a

b

Figure 4.42. Size distribution of agglomerates based on Dprojected (nm): a) Tomcar.
b) Forklift.

4.2.4.6. Primary particle, fractal dimension and shape factor by S/TEM
analysis. The diameter of primary particles for the agglomerates for this test was
normally distributed. The samples for the forklift equipped with Tier IVf engine and
DPF, fitted to a normal distribution with a mean of 28.05 nm and the standard deviation
of 6.06 nm. In the case of Tomcar with equipped with a DOC, the diameter of primary
particles were normally distributed with a mean of 16.08 nm and s = 3.5 nm. The
diameter of primary particle for Tomcar is lower than the average of primary particle
reported with the mean 𝑑𝑝 value of 16 nm and s = 3.5 nm. These FMPS measurements
were single mode size distribution with low concentrations of particles as small as 10 nm.
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Two approaches were used to calculate fractal dimension based on the maximum
length. The fractal dimension calculated for both tests considered the overlapping effect
of primary particles. Figure 4.43 a shows Dfl using the values suggested by Oh and
Sorenson (1997) as a=1.19 and 𝑘𝛼 = 1.81 in Equation 2.3. Figure 4.43 b shows the values
suggested by Koylu et al. (1995) a=1.09 and 𝑘𝛼 = 1.21. As shown in Figure 4.43 the
calculated Dfl for the forklift with Tier IVf was in the range of 1.32 to 1.45. The Dfl
results for the Tomcar test was 1.40 to 1.53. The results suggest that lower Dfl for
samples collected during Tier IV engine test consisted of a more chain-like particle than
Tomcar.
Shape factor analysis was conducted on the images collected during both tests.
The results for the forklift with a Tier IVf engine were fitted to normal distribution with a
mean of 0.60 with s = 0.17 where the Tomcar agglomerates were normally distributed
with a mean of 0.66 with s = 0.14. The result suggested that the agglomerates emitted by
the forklift are more irregular in shape and more chain-like whereas the Tocmar
agglomerates are more spherical.

a

b

Figure 4.43. Fractal dimension obtained from S/TEM analysis: a) Calculated Dfl without
overlap. b) Calculated Dfl with overlap.
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4.2.4.7. Summary of Tier IV. The results showed that the background air
number concentration of particulate was higher in upstream air compared to downstream
sampling station. Low emissions of particulates from the contemporary engine showed
the engine exhaust was cleaner than the background air. The samples collected at the
downstream sampling stations were not consistent due to high particle concentrations in
the background air. The size distribution for the downstream sampling station in the
Tomcar test showed normal distribution of particulate. ELPI+ and FMPS results show
large number of particulate in lower stages impactor in nuclei and accumulation range for
Tier IV test. The Dfl results were obtained and was calculated to be lower for the
agglomerates collected when a Tier IV with DPF was in operation. The diameter of
primary particles were significantly lower in the case of Tomcar equipped with DOC.
The mobility and Dprojected size distribution analysis showed the agglomerates in
accumulation mode, where results from both tests were normally distributed with Tier IV
was bimodal distribution. The S/TEM sampling and analysis distribution results varied
from the FMPS measurement due to low particle concentration in the controlled zone.
The mass concentration sampling showed 99 percent lower emission.

4.3. OVERALL COMPARISON OF HEAVY AND LIGHT DUTY EQUIPMENT
Twelve vehicles were used during the controlled zone stud, listed in Table 4.21.
FMPS results were used to analyze the size distribution of the aerosols for HD and LD
equipment. TEM grids were placed in several stages of ELPI+ during each test. Samples
were collected and imaging analysis was performed to study the morphological attributes
of the agglomerates for both the High Duty (HD) and the Light Duty (LD) equipment.
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Table 4.21. List of the vehicles measured in controlled zone.
Equip
ment
#
Manuf
acturer

Equip
ment
Model

Equipm
ent
Type

1

Eimco

913

LHD

2

Eimco

915

LHD

3 Wagner

14X

LHD

4 Wagner

14X

LHD

5

915

LHD

6 Sandvik

LS175

LHD

7 Fletcher

Prime
Mover

Shield
hauler

Eimco

8

Gehl

RS519

Telesco
pic
forklift

9

Duce

III

Personn
el carrier

1
0

Eimco

975

Water
truck

1
1

Tomcar

1
2

Jeep

J8

Supervis
or
carrier
Supervis
or
carrier

Equipmen
t Type 2

HD nonpermissibl
e
HD nonpermissibl
e
HD
permissibl
e
HD
permissibl
e
HD nonpermissibl
e
HD
permissibl
e
HD nonpermissibl
e
LD nonpermissibl
e
LD nonpermissibl
e
LD nonpermissibl
e
LD nonpermissibl
e
LD nonpermissibl
e

EP
A
Ti
er

Engine
Manufac
turer

Model

hp @
RPM
at
1000ft
Elevat
ion

3

Cummins

QSB4.5

170 @
2500

3

Cummins

QSB6.7

193
@250
0

0

Caterpilla
r

3306
PCNA

150 @
2200

0

Caterpilla
r

3306
PCNA

150 @
2200

0

Caterpilla
r

3306
ATAAC

300 @
2200

2

Caterpilla
r

3126B
HEUI

225 @
2500

3

Cummins

QSB6.7

215 @
2500

IV
f

Yanmar

4TNV98
CNYEM

69.3
@
2500

0

Cummins

4B3.9

65

0

Deutz

F6L912
W

93 @
2500

2

Diahatsu

58A447

19

3

VM
North
America

RA428J
E8.05A

158 @
3800
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4.3.1. Primary Particle Diameter and Size Distribution Analysis. The primary
particle diameter of agglomerates for both HD and LD are shown in Figure 4.44 and are
well described by a normal distribution. The primary particle diameter was measured
using Digital Micrograph software.
Previous published work by others suggests that diesel-emitted particles usually
form in chain-like agglomerates consisting of graphene segments of primary particles
(Mathis et al., 2004; Park et. al., 2004; Chen et al., 2005; Song et al., 2006; Mustafi and
Raine, 2009; Liati and Eggenschwiler, 2010; Weinbruch et al., 2015). The mean value of
primary particle diameter were similar where HD measured to be 23.8 nm with s = 6.2
where for LD equipment was 22.6 nm with s = 7.2 nm.
The results show that the primary particle diameter for HD equipment was
slightly higher. Liati and Eggenschwiler (2010) found the size of primary sub-micron
soot particles in diesel exhaust is less than 50 nm. Mustafi and Raine (2009) measured
the average primary particle diameter of 26nm.

a

b

Figure 4.44. Primary particle diameter measured using Digital Micrograph software:
a) HD equipment. b) LD equipment.
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The distributions of aerosols at downstream sampling stations measured with
FMPS at selected instants at 6000s for three LD vehicles (Tomcar with Tier 2 engine and
DOC, Jeep J8 with Tier 3 and Jeep Duce equipped with pre tier engine) are shown in
Figure 4.45.
The DOC-equipped Tomcar and emitted particles with higher CMD in size
distribution graph. Jeep Duce with older technology also emitted particles with higher
CMD as compare to the J8 equipped with newer technology engine. LD engines curves
are normally distributed. The older LD older engines have higher CMDs compared to the
newer engines.
Figure 4.46 shows the FMPS size distribution for HD equipment during
controlled zone sampling (Eimco 913 Tier 3, Eimco 915 Tier 0, two Wagner 14X LHD
Tier 0, LD Eimco 975 with Deutz Tier 0, Sandvik Tier 2). The Tier 2 engine curve is
slightly bi-modal while Tier 3 and Tier 0 are normally distributed. The size distribution
varies between the engines based on cycle and operating conditions, as well as load and
technology.
As shown in Figure 4.46, particle CMD size in the agglomeration range decreased
for engine with newer technology where HD Tier 3 has the lowest CMD in
agglomeration range amongst the sample. The HD Eimco 915 Tier 0 with the oldest
engine technology has highest CMD. Eimco 975 has been added to the graph and
represents LD Tier 0 engine with CMD of particles similar to HD Tier 3 engine.
The results show modern engine technology has improved the combustion process
and has lower number count of particles.
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Figure 4.45. Size distribution for LD Equipment during controlled zone sampling.

Figure 4.46. Size distribution for HD Equipment during controlled zone sampling.
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4.3.2. Fractal Dimension and Shape Factor Analysis. The fractal dimension
analysis of Lmax results are shown in Figure 4.48. The results show that the Dfl for
agglomerates collected, while LD equipment were in operation are lower than that of HD.
The Dfl for LD vehicles was 1.59 using Koylu et al. (1995) values (Figure 4.47 a) and
1.74 using Oh and Sorenson (1997) values (Figure 4.47 b). The calculated Dfl was in
agreement with the reported values for LD engines 1.61 – 1.75 by Park et. al (2004),
1.6 – 1.88 by Mustafi and Raine (2009) and 1.7 ± 0.13 by Wentzel et al. (2003).
The results from HD analysis show the Dfl of 1.74 from Koylu et al (1995) and
1.90 using Oh and Sorenson (1997) values. The HD Dfl results were found to be slightly
higher compared to the LD engines. The lower the fractal dimension the more chain-like
the agglomerates.
The results from SF analysis are shown in Figure 4.48. The SF for HD engines are
normally distributed with the mean of 0.63 and s = 0.15. The results suggest that the HD
equipment agglomerates are somewhat irregular but more spherical than chain-like.
These shape factor results are consistent with the higher calculated fractal dimension for
HD engines. However, agglomerates with SF of smaller than 0.4 and chain-like shape are
present.
The LD SF analysis (Figure 4.48 b) fit are better in a bi-modal distribution with
the first mode at 0.49 with s = 0.08. These were the chain-like and elongated
agglomerates. The second mode at 0.7 with s = 0.11 represented more spherical
agglomerates. The bi-modal distribution was found to be characteristic of different engine
combustion processes and Tier configurations.
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a

b
Figure 4.47. Fractal dimension analysis for HD and LD equipment: a) With overlap. b)
Without overlap.
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a

b

Figure 4.48. Shape factor analysis for: a) HD and b) LD equipment.

4.3.3. Summary of HD and LD Analysis. The FMPS size distribution results
for LD engines were normally distributed where higher CMD in size distribution for Tier
0 and Tier 2 for personnel carrier. Jeep J8 with Tier 3 newer technology had size
distribution with lower CMD.
The size distribution for the HD engines was related to the engine operating
conditions, EPA Tier, age and engine load. The controlled zone cycle was designed that
the HD engines were operating at high loads whereas the LD equipment were at lower
load conditions. The results for the HD Tier 0, 2 and 3 engines show that as the
combustion process changes with advancing engine technology, the particle CMD is
lowered and with higher number concentration.
Lower fractal dimension and SF for LD equipment as compared to HD,
suggesting the LD agglomerates are more chain-link. The results for LD SF analysis were
fitted in a bimodal distribution suggesting engine age, EPA classification and engine
operating conditions could result in multi-mode distribution.
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4.4. CONCLUSION
The controlled zone was designed to study the effectiveness of four emission
control strategies with consistence ventilation rate and upstream and downstream
sampling stations in the mine atmosphere. General characteristics of the LD and HD
samples were also examined using various real-time instrumentation and analysis
techniques. Effectiveness of each control technology based on EC concentration, was
measured using gravimetric approach, NIOSH 5040. FMPS measurements were used to
monitor the number concentrations at upstream and downstream sampling stations. Size
distribution of particles were analyzed using FMPS and ELPI+ real-time measurements.
Collected TEM samples using ELPI+ were analyzed to determine physical and projected
properties of agglomerates. The power relation of Lmax ~ kDαprojected ~ kDαmobility was
determined for each test and Dprojected size distribution was plotted and compared with
FMPS readings. The primary particle diameter, fractal dimension and SF analysis were
compared to examine the characteristic of agglomerates associated with each engine.
A new J8 personnel carrier equipped with Tier 3 engine was tested against Jeep
Duce with Tier 0 engine. The mass concentrations measured using NIOSH 5040 showed
a reduction of 95 percent. The number concentration measured at downstream sampling
station was similar for both tests. The size distribution was found to vary at downstream
sampling station where Jeep Duce generated bi-modal distribution compared to single
mode distribution for J8. In addition, in the case of Duce with Tier 0 engine, the particles
with high CMDs (~70 nm) in the agglomeration range (2nd mode) compared to ~25 nm
for Tier 3. ELPI+ results demonstrated similar results with larger aerodynamic particle
dimeters (0.31 μm) were measured during Duce Tier 0 compared to 0.12 µm for J8 Tier
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3. The newer engine technology corresponded to smaller emitted particle diameter.
Similarly Dprojected normal size distribution derived from TEM samples was in reasonably
in agreement with FMPS readings. The results show lower Dprojected for J8 with Tier 3
1.18
engine. The power relation of Lmax ~ kD1.18
projected ~ kDmobility was fit to the results with

similar results for both tests.
Measured primary particle diameter for Duce Tier 0 were larger ( 25.15 nm
compared to 21.5 nm), lower fractal dimension (1.53 to 1.6 compared to 1.9 to 2) and
lower SF (0.58 compared to 6.8). The physical and projected properties analysis show the
Duce Tier 0 particles are more chain-like elongated compare to J8 Tier 3. The mass
reduction in the case of J8 is the result of equally similar number concentrations of
particles with smaller diameters.
The retrofitted SMF-AR with the active regeneration system was evaluated on a
Eimco 915 equipped with Tier 3 engine. The effectiveness of 97 percent on mass
concentration of EC was measured using NIOSH 5040 results. The number concentration
of particles were lower with SMF-AR engaged and consistent throughout the test. The
FMPS size distribution charts showed bi-modal distributions for both tests in nucleation
and agglomeration range. However, the CMD of particles were lower in the
agglomeration mode when SMF-AR was engaged (~65 nm compared to ~77 nm). In case
of SMF-AR test, FMPS and ELPI+ results show higher concentration of particles in
nucleation range with minimal mass contribution. Dprojected size distribution results also
showed higher counts of agglomerated particles in nucleation range but varied from that
of FMPS due to evaporation of TEM samples in nucleation range. The
1.16
Lmax ~ kD1.16
projected ~ kDmobility was very similar for both test and determined and usage
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of SMF-AR did not impact it. With SMF-AR engaged, the primary particle diameter was
higher (25.7 nm compared to 22.4 nm) even though the agglomerate size is smaller. The
fractal dimension was also smaller with SMF-AR (1.23 to 1.35 compared to 1.44 to 1.46)
and SF measured to be similar for both tests. In summary, engaged SMF-AR decreased
the CMD and Dprojected of particles in the agglomeration range, lowered the number
concentration and produced, more chain-link agglomerates in nucleation zone with larger
primary particle diameter.
The effectiveness of DFEs on particulate matter emission was evaluated using a
HD Sandvik equipped with Tier 2 engine. The efficiency was measured to be a 95
percent reduction in EC mass concentration. The number concentration results measured
by FMPS showed the efficiency of DFEs increased from 80 percent to 93 percent during
the 1200 seconds interval ranges. The size distribution of aerosols without DFEs was bimodal with peaks in both nucleation and agglomeration range. CMD of particles with
DFEs was slightly smaller throughout the test to be ~77nm compared to ~93 nm. Use of
DFEs increased the number of particles in lower stages of ELPI+. Dproject size distribution
results also showed the mean at 79 nm with DFE compared to 89.3 nm without DFE. The
1.01
power relation of Lmax ~ kD1.01
projected ~ kDmobility was determined. The primary particle

diameters and SF results was similar for both tests. Fractal dimension was calculated to
be lower at 1.86. In summary, DFEs reduced the mass concentration by 95 percent, lower
the number concentration with slightly smaller CMD and Dprojected particles, with more
chain-like agglomerates due to lower fractal dimension.
The TierIVf engine equipped with DPF results showed efficiency of 99 percent in
mass concentration reduction. FMPS number concentration readings showed higher
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concentrations at the upstream sampling station due to localized traffic. The Tier IVf did
not appreciably change the measured concentration. The size distribution for Tomcar Tier
2 with DOC was single mode, with higher CMDs compared to bi-modal size distribution
for Tier IVf test. The Dprojected results showed mean of 86 nm for Tomcar. The fractal
property of 1.4 to 1.53 was calculated for Tomar Tier 2 which was aligned with other LD
measurements, however; primary particle dimeter was smaller. Fractal dimension was
calculated at 1.3 for Tier IVf engine which suggests more chain-link particles. The SF
stayed at 0.6 for both tests. High background air concentration showed lower emission
rate for Tier IVf engine. In summary, Tier IVf equipped with engine reduced the mass
concentration by 99 percent with lower number concentrations compare to Tier 2 DOC
engine. Tier IVf with bimodal size distribution with samller CMDs in both nucleation and
agglomeration range as well as smaller fractal dimension.
The comparison between LD and HD engines showed larger primary particle
diameter for HD engines. In the case of LD engines, single mode normal distribution and
lower CMDs for engines with modern technology (Jeep J8 with Tier 3) compared to Tier
0 and Tier 2 with DOC. The size distribution for HD engines corresponded directly to
engine technology. Mostly single distribution with smaller CMD for Tier 3 whereas the
CMD incrementally increased as the engine rating dropped to Tier w and Tier 0. The SF
and fractal dimension were lower for LD equipment at 1.59 to 1.74 compared to 1.74 to
1.9 for HD equipment suggesting more chain-like agglomerates for LD engines.
All four control strategies were effective with reductions of over 95 percent. The
microscopic structure analysis results were reasonably in agreement with FMPS readings
in the accumulation range.
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In conclusion, the FMPS and ELPI+ real-time monitoring data provides valuable
data on the number concentration and size distribution. The Dprojected size distribution
seemed to be close in most of the cases however; it required extensive laboratory and
image analysis. The TEM results does provide a valuable fractal properties on the
agglomerates and primary particles which was used to characterize the particles. These
data was not obtainable using FMPS and ELPI+ readings. The morphological analysis
including chemical composition and agglomerate structure is explored in Section 5.
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5. UNCONTROLLED ZONE MEASUREMENTS

The uncontrolled zone for this study was chosen where general mining activities
were taking place. Heavy and light duty diesel equipment were actively performing tasks
under various engine operating conditions. The sampling conditions were specifically
selected to investigate the effect of background particles on the morphological and
chemical composition of collected agglomerates. The collected samples were analyzed
using various S/TEM techniques to understand the impact of underground mining
activities on agglomerate formation, traceability and morphological characteristics. The
background concentration in the uncontrolled zone has a higher concentration of
entrained dust particles, which allows for examination of the interaction between diesel
and the surface of larger dust particles.
In addition, this section identifies specific types of organic, volatile compounds
and carbonaceous agglomerates and examines the traceability of these agglomerates
using elemental and morphological techniques. Due to the physical distance that
separates the sampling zone from the equipment, the results also provide insight into the
characteristics of aged diesel particulates.

5.1. ZONE DESCRIPTION AND SAMPLING METHODOLOGY
The sampling zone consisted of an 8.5 m wide, 4 m high and 300 m long working
area. Figure 5.1 shows the layout of the sampling zone. As shown in the figure, the intake
air entered the working area using four entries. The intake air ventilated the zone and then
joined the mine exhaust network where it flowed through the regulator.
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The sampling station was located just upstream of the regulator, as shown in
Figure 5.1. The air travels through the sampling zone and to the sampling station which is
located on the upstream side of the regulator.
The ventilation rate during six sets of two hour long sampling periods varied from
26 – 33 m3/s (55,000 – 70,000 cfm) to accommodate respective ventilation requirements.
The type of activities and correspondent vehicles during the sampling periods was
logged. The LD vehicles delivered material and manpower to support the tasks during
sampling periods. The HD equipment which were logged during the activities are listed
in Table 5.1. The HD-configured equipment included a Tier 3 CUMMINS QSB6.7
engine and an SMF-AR filtration system, a Tier 3 CUMMINS QSB 4.5 with DOC, a Tier
0 CATERPILLAR 3306 PCNA with DFE and a Tier 2 CATERPILLAR 3126B HEUI
engine with DFE filtration.

Figure 5.1. Uncontrolled zone layout.

141
Table 5.1. List of HD diesel powered vehicles observed during uncontrolled zone
sampling.
#

Equipment
Manufacturer

Equipment
Type

Equipment Type
2

EPA
Tier

1

Wagner

LHD

HD Permissible

Pre

2

Fletcher

Shield hauler

3

Fletcher

Shield hauler

4

Sandvik

LHD

5

Eimco

LHD

6

Eimco

LHD

HD NonPermissible
HD NonPermissible
HD Permissible
HD NonPermissible
HD NonPermissible

3
3
2
3
Pre

Engine
Manufacturer
and Model
CATERPILLAR
3306 PCNA
CUMMINS
QSB6.7
CUMMINS
QSB6.7
CATERPILLAR
3126B HEUI
CUMMINS
QSB4.5
CATERPILLAR
3306 ATAAC

In order to study the effect of equipment movement and the background particles
on the submicron aerosols, the ELPI was used to collect continuous real-time monitoring
of submicron number concentrations and size distribution. The ELPI+ was used to collect
TEM grids on different stages for S/TEM and EDS analysis. The sampling station set-up
are shown in Figure 5.2 a and b. NIOSH 5040 sampling was conducted using a 37mm
Quartz Fiber Filter with a flow rate of 1.7 lpm to measure EC concentrations at the
sampling station.
The results from uncontrolled sampling were used to investigate the impact of
equipment movement on the aerosol number and size distributions. The vehicle log
showed that over 35 pieces of LD equipment traveled through the uncontrolled zone. The
HD equipment identified in Table 5.1 were active in the sampling zone and contributed to
the entrained dust. The filtration system consisted of DFEs, Tier 3 engine with diesel
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oxidation catalyst convertor (DOC) and tier 3 engine with active regeneration system
(SMF-AR). The background EC was concentration measured to be on average, 50 ug/m3
across all of the sampling periods.

a

b

Figure 5.2. Sampling station set-up. a) ELPI for continuous concentration monitoring,
ELPI+ for TEM grid sampling. b) General arrangement of sampling station set-up out by
exhaust airway regulator.

5.2. MASS AND NUMBER CONCENTRATION MEASUREMENTS
The aerosol mass and number concentration was measured by the ELPI
instrument. The results for all six tests are shown in Figure 5.3. The results indicate the
variation of number and mass concentrations during all sampling periods. This appears to
be the result of different tasks and equipment with various engine cycles used to complete
the tasks. During Test 1, HD equipment with SMF-AR after treatment were in
predominant use along with several pieces of LD equipment. As shown in Figure 5.3, the
resulting entrainment dust caused high mass concentration with low number
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concentration; indicating larger dust particles contributed significantly to mass
concentrations. The results for test 2 – 6 show higher number concentrations along with
proportionally high mass concentration suggesting particles are primarily those emitted
from diesel equipment in the zone.

Figure 5.3. Normalized number and mass concentrations of aerosols measured with ELPI
during size sampling tests.

5.3. S/TEM AND ELPI NUMBER AND MASS SIZE DISTRIBUTION
MEASUREMENTS
The size distributions and mass concentration for randomly selected times within
the two hour sampling periods were measured by ELPI. The results show that the
aerosols were distributed in two or three log-normal modes. The modes consisted of aged
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agglomeration mode aerosols with count median diameters (CMD) ranging from 160 nm
to 210 nm, and freshly generated diesel agglomerate mainly in nucleation and
agglomeration modes with CMD ranging from 27 and 166 nm.
The mechanically generated particulates (coarse particulate) contributed in lower
number concentration compared to combustion generated aerosols. The number
concentrations were noticeably higher when the diesel equipment was operating closer to
the sampling station.
The ELPI+ was used to collect TEM grids to conduct microscopic morphological
and image analysis. A total of 35 samples were collected during six sampling periods.
S/TEM analysis was conducted to obtain Dprojected for the collected agglomerates. As
shown in Figure 5.4, the size distribution obtained from S/TEM analysis is single modal
and normally distributed. The Dprojected curve shows three counts of coarse agglomerates
(in the range of 1µm) indicated during uncontrolled zone sampling. These agglomerates
were collected in higher stages of ELPI+ multi-stage impactor.
The mass size distribution is dominated by the entrained dust from diesel
equipment. A mass median diameter (MMD) ranging from 2.6 µm to 30 µm was
measured. The mass concentrations were normally distributed except in two cases.
The diesel particulates were the primary contributor to the second modes. In the
case of coarse mode, the lognormal distribution was obtained by extrapolation and fitting
the log-normal curves (Chimera Technologies 2009).
Figure 5.5 shows the normalized mass size distribution during Test 6. The high
spike at 2056 s was the result of dust entrained by a piece of equipment operating close to
the sampling station.
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Figure 5.4. Normalized size distribution measured by ELPI during test 6.

Figure 5.5. Normalized mass distribution measured by ELPI during test 6.
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5.4. PRIMARY PARTICLE DIAMETER, FRACTAL DIMENSION AND SHAPE
FACTOR
Primary particle diameter of the agglomerates collected during uncontrolled zone
sampling were analyzed. Figure 5.6 shows the diameter for 454 primary particles are
normally distributed with the mean of 25.3 nm which is reasonable in agreement with the
measurements taken during Controlled Zone.

Figure 5.6. Primary particle diameter for the agglomerates collected in uncontrolled zone.

The fractal morphology of agglomerates collected during the uncontrolled tests
was also analyzed. The samples collected during the six test periods included variations
in engine operating conditions, accumulation and sampling conditions. The fractal
dimension was calculated based on the maximum length (Lmax). Figure 5.7 shows the
fractal dimension. Fractal dimension is represented by the slope of the power relationship
between the number of primary particles in the agglomerates versus

𝐿𝑚𝑎𝑥
̅̅̅̅
𝑑𝑝

on the
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logarithmic scale. Oh and Sorenson (1997) values were used to account for the primary
particle overlapping parameter (d), values of α=1.19 and 𝑘𝛼 = 1.81 were used. Koylu et al.
(1995) suggested values of α=1.09 and 𝑘𝛼 = 1.21 can also be used to calculate the fractal
dimension for the agglomerates. The results show that the fractal dimension varies from
1.87 to 2.04 which is equal to or higher than what was calculated for the controlled zone
(except in the case where HD was intentionally measured without DFE) tests. This
suggests that larger entrained particles and aged agglomerates have significantly
impacted the fractal dimensions.

Figure 5.7. Fractal dimension obtained from uncontrolled zone sampling.

Shape factor provides an indicator of agglomerate elongation. A shape factor
close to 1.0 indicates that the agglomerates are essentially spherical, whereas a shape
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factor of 0.1 is an indicator of long-chained or elongated agglomerates (Nord et al., 2004;
Mustafi and Raine, 2009). The results shown in Figure 5.8 indicate that the majority of
agglomerates have shape factors of higher than 0.5. TEM imaging analysis showed that
some agglomerates were attached to larger diesel agglomerate or dust particles resulting
in higher shape factors. Agglomerate interaction and collision is discussed later in the
section.

Figure 5.8. Shape factor for samples collected in uncontrolled zone sampling.

5.5. MORPHOLOGICAL AND CHEMICAL COMPOSITION ANALYSIS
The morphological attributes of collected agglomerates show that carbonaceous
chain-like agglomerates have fractal dimensions which vary depending upon on the
agglomerate source. This section includes analysis of the primary particles in
agglomerates collected in both controlled and uncontrolled zones in order to provide
clearer comparisons. High resolution S/TEM imaging was conducted to identify various
types of primary particles. EDS mapping was then conducted on the agglomerates to
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identify the elemental components of the particles. Together, these results were used to
determine the source of agglomerates. The image analysis revealed three categories of
carbon-rich primary particles. The first type was chain-like agglomerates with spherical,
onion-shell primary particles with and without catalyst. The second type was chain-like
agglomerates with amorphous primary particles. These two categories are similar to those
identified by Weinbruch et al. (2016). Weinbruch et al. (2016) also found nanotube
structures along with amorphous and graphitic structure. However, in this study,
nanotube structures were not found in any appreciable quantity.
5.5.1. Types of Carbon-Rich Primary Particles. S/TEM image analysis was
performed on 290 agglomerates collected using the ELPI+ multi-stage impactor. Figure
5.9 shows three types of carbon-rich agglomerates with respective primary particles.
While some of the agglomerates had one carbon rich primary particle, others had multiple
nuclei centers such as shown in Figure 5.9 a.
This could be due to their formation during the combustion process. Chen et al.
(2005) suggested the generated primary particle nuclei centers could increase in size by
condensation of volatile compounds during post-combustion processes. They further
explained that primary particles could collide with other primary particles during
accumulation mode to form larger agglomerates.
Figure 5.9 b shows an example of a primary particle with an amorphous structure
where the onion shell character is not visible. Figure 5.9 (c) depicts an agglomerate
with a graphitic structure where catalyst are attached to the surface of primary particles.
The presence of catalyst was noticeably visible on primary particles at lower
magnification.
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c
Figure 5.9. TEM BF image of primary particles: a) Graphitic structure with multiple
nuclei centers, b) Amorphous structure, c) With catalyst attached to primary particle.
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Figure 5.10 depicts the distribution of carbon-rich primary particles for the
agglomerates. The results indicate that 78 percent of analyzed agglomerates (227 counts)
had primary particles with graphitic layered (onion shell) structure (Figure 5.9 a). Only
12 percent (35 counts) of the agglomerates had chain-like agglomerates with amorphous
carbon-rich primary particles (Figure 5.9 b). The remaining, 10 percent (28 counts) of
agglomerates were chain-like agglomerates with small catalyst particles attached to
primary particles such as shown in Figure 5.9 (c).

Figure 5.10. Number distribution of chain-like agglomerates based on respective primary
particle type.

The diameter of the carbon-rich primary particles was also analyzed. The
distribution of primary particle diameter for chain-like agglomerates with graphitic
structure and with catalyst are depicted in Figure 5.11. The results show that dp are
normally distributed for agglomerates with graphitic structure with mean value of
23.6 nm and s = 6.3 nm, and for the agglomerates with catalyst the mean value is
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24.9 nm and s = 6.2 nm. These are similar to what was measured during the controlled
zone SMF-AR test. The dp agglomerates with amorphous structure were fitted better by a
bi-modal structure. Figure 5.12 shows the bi-modal distribution of chain-like
agglomerates with amorphous structure. The statistical parameters of the distribution are
shown in Table 5.2.

a

b

Figure 5.11. Diameter of carbon-rich primary particle (nm): a) With graphitic structure.
b) With catalyst.

Figure 5.12. Diameter of carbon-rich primary particle (nm) with amorphous structure.
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Table 5.2. Statistical parameters of bi-modal distribution chain-like parameters with
amorphous structure.
Type
Location
Location
Dispersion
Dispersion
Probability
Probability

Parameter

Estimate

Lower
95%

Upper
95%

μ1
μ2
σ1
σ2
π1
π2

12.41
25.41
2.87
8.13
0.14
0.85

11.57
24.43
2.18
7.23
0.10
0.72

13.25
26.39
3.79
9.16
0.19
0.934

5.5.2. Source Analysis of Carbon-Rich Primary Particles. The samples taken
during controlled and uncontrolled activity were analyzed to investigate the source of the
carbon-rich primary particles. The agglomerates collected during controlled zone were
categorized into HD and LD engine configurations.
Figure 5.13 shows the distribution of carbon-rich primary particle type with
sources. The results showed that all of the carbon-rich primary particles with catalyst (9.6
percent) were collected during controlled zone tests. Additionally, all of the samples were
taken during two tests where an HD vehicle (Eimco 913) powered by EPA Tier 3,
Cummins QSB 6.7L engine was operating. This equipment was configured with an active
regeneration system diesel particulate system (SMF-AR).
Sampling was conducted while the system was functional, as well as bypassed.
The SMF-AR filter is equipped with a catalyst and the system activates the regeneration
cycle to burn the deposited particulate matter if the back pressure on the system exceeds
certain limits. This system is one of several control strategies used to reduce the
emissions at the mine and has a measured effectiveness of 97 percent.
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Figure 5.13. Distribution of carbon-type primary particle with light and heavy engine
configurations.

The chain-like agglomerates with amorphous primary particle structure in the
controlled zone (4.5 percent) tests were emitted by four vehicles. The results show that
the Tier configuration had no impact on emitting primary particles with amorphous
structure.


HD LHD, EJC DFP07-CD/Sandvik LS175, powered by Caterpillar 3126B
HEUI engine (EPA Tier 2), 168 kW (225 HP). The vehicle was equipped with
DFE (Donaldson model P604516). The amorphous primary particles were
observed with DFEs (5 counts) and without DFEs (two counts).



HD LHD, Emico 915, powered by Caterpillar 306 ATAAC, (EPA Tier 0)
224kW (300 HP). It was equipped with diesel oxidation catalyst (DOC). Four
counts were observed.



HD LHD powered by Cummins QSB6.7L engine (EPA Tier 3), 144 kW (193
HP) while SMF-AR system was bypassed. Four counts were observed.

155


HD Eimco 975, powered by Deutz F6L912W (EPA Tier 2), 69 kW (93 HP).
Three counts were observed.

The analysis of chain-like primary particles with amorphous structure for LD
equipment in the controlled zone (5.8 percent of the agglomerates) showed two personnel
carriers can be accounted for as sources. No amorphous particles were observed for the
new personnel carrier test.


Personnel carrier, powered by Cummins 4B3.9 engine (EPA Tier 0), 48 kW
(65 HP). Six counts of amorphous particles were observed during image
analysis.



Personnel carrier, Tomcar powered by Daihatsu DM950TH (EPA Tier 2), 25
kW (33 HP). Eleven counts of amorphous particles were observed during
image analysis.

The bi-modal distribution of chain-like agglomerate with amorphous structure are
almost entirely from the personnel carrier Tomcar equipped with DOC. The diameter of
the primary particles for all of the LD and HD were analyzed and it was observed that the
Tomcar is the only LD vehicle with the mean 𝑑𝑝 value of 16 nm and s = 3.5 nm. Figure
5.14 shows the diameter of primary particles and FMPS measurements during Tomcar
test. These FMPS measurements also show single mode size distribution with low
concentrations of particles as small as 10 nm.
The uncontrolled zone sampling results show a small fraction (1.38 percent) of
chain-like agglomerates with amorphous structure (four counts). It is important to note
that the samples were taken in an environment where multiple pieces of diesel equipment
were in use. Two of the observed agglomerates were collected while an Eimco 915 EPA
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Tier 0 was in operation near the sampling station. This engine is similar to the HD LHD
equipment tested in the controlled zone experiments. That engine produced similar
amorphous primary particles. The other two counts were the agglomerates observed at
the interface of larger aggregates (dust). These agglomerates were observed to be semivolatile such that particle structure was unstable during the imaging process.

a

b
Figure 5.14. Personnel carrier Tomcar diameter of primary particle (nm): a) Image
analysis. b) FMPS readings.
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5.5.3. S/TEM Analysis of Volatile Agglomerates. Primary particles emitted
from combustion engines can be categorized into two types: volatiles, and solid particles
(Mathis et al. 2004). During image analysis, solid particles and EC have greater stability
against the beam of electrons. Diesel agglomerates with a solid elemental core were not
susceptible to changes from continuous exposure to electron beams. In contrast, the
organic and volatile compounds were found to evaporate during analysis.
Weinbruch et al. (2016) mentioned that organic carbon components are more
often found in amorphous carbon-rich particles. Previous S/TEM morphological analysis
studies on the volatile nanoparticles size distribution showed a reasonable agreement
between SMPS and TEM image analysis (Shi et al. 1999). The size distribution obtained
from Dprojected were reasonably in agreement with FMPS measurement. However, the
evaporation of organic and volatile components made a marked difference in the
nucleation range.
5.5.3.1. S/TEM analysis of volatile agglomerates from uncontrolled zone.
Agglomerates collected during sampling were also analyzed using Digital Micrograph
software. During the imaging process, beam damage was observed on volatile
agglomerates.
Figure 5.15 shows a large particle interfaced with two selected carbon-rich chainlike agglomerates. This agglomerate was sampled on a TEM grid which was placed at
stage #11 of the ELPI+ multi-stage impactor with a reported cutoff point of D50% 1.62
μm. The image analysis revealed more particle fragments at higher stages of the ELPI+
due to the presence of larger agglomerates.
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Figure 5.15. S/TEM image analysis: a) STEM BF of particles at 400K magnification. b)
SE image of particles at 300K magnification. c) STEM BF of volatile interface at time 0
second. d) STEM BF of volatile interface at time lag 20 seconds.

An EDS analysis was also conducted on this particle. The particle was divided
into three sections for image analysis: the large dust particle and two chain-like carbonrich agglomerates attached to it. The image analysis showed that the interface (around the
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large particle) between the two chain-like agglomerates consisted of volatile components.
Figure 5.15 (c) and (d) shows the beam damage during the imaging process. The larger
chain-like agglomerate (Figure 5.15 a, agglomerate #2) seemed more stable than the
smaller of the two (Figure 5.15 a, agglomerate #1). Although beam damage did not occur
during TEM imaging, there were signs of particle modification during EDS sampling.
Mathis et al. (2004) explains several stages of beam damage, based upon whether
evaporation is at the rim or center of the primary particle. The volatile particles shown in
Figure 5.15 (c) began evaporating at the rim and disappeared in less than 20 seconds.
The morphological and EDS analysis results can be used to identify the source of
each particle. The SE (Figure 5.15 b) image showed that the larger particle is thicker and
denser compared to agglomerates #1 and #2. The EDS results shown in Figure 5.16
indicate the large agglomerate contains high counts of Sodium (Na) and low counts of
Potassium (K), Magnesium (Mg), Aluminum (Al), Silicon (Si). The source of Sulfur (S)
and Fe is likely diesel fuel. The EDS results show agglomerate #2 is carbon rich. It is
important to note that the traces of Na and Si did not continue to agglomerate #2 unlike S.
The EDS result for agglomerate #1 showed the trace of S net counts was
insignificant, unlike agglomerate #2. Similarly, the Si, Al, Mg and Na net counts were
either similar or slightly lower in agglomerate #1, as shown in Figure 5.17. This suggests
that agglomerate #1 was carbon-rich, volatile, and from a different source than #2.
The morphological S/TEM analysis of the particles mentioned above showed a
graphitic structure for the primary particle of chain-like agglomerate #2 (Figure 5.18 a).
However, an amorphous structure was observed for primary particles in agglomerate #1,
as shown in Figure 5.18 (b) and 5.18 (d).
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Figure 5.16. EDS energy spectrum of large particle and agglomerate #2.

Figure 5.17. EDS energy spectrum of large particle and agglomerate #1.
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Figure 5.18. TEM image analysis of agglomerates: a) TEM image of agglomerate #2 at
1.2M magnification. b) TEM image of agglomerate #1 at 2.5M magnification. c) EDS
mapping on agglomerate #2, pink represents Na, yellow shows C, and cyan represents S.
d) TEM image of agglomerate #2 at 5M magnification. e) TEM image agglomerate #2
graphitic structure.
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Figure 5.18. TEM image analysis of agglomerates: a) TEM image of agglomerate #2 at
1.2M magnification. b) TEM image of agglomerate #1 at 2.5M magnification. c) EDS
mapping on agglomerate #2, pink represents Na, yellow shows C, and cyan represents S.
d) TEM image of agglomerate #2 at 5M magnification. e) TEM image agglomerate #2
graphitic structure. (cont.)

The TEM and SE images of agglomerate #2 show small particles on the primary
particles. The EDS results indicate Na and S elements surrounding the primary particles
(Figure 5.18 c). The diameter of primary particles for agglomerate #2 ranged from 23 nm
to 50 nm. For agglomerate #1, the primary particles to be appear smaller than 30 nm.
Agglomerate #2 with the Lmax of 642.81 nm, width of 379.65 nm and calculated
SF of 0.59 seemed to have similar characteristics to the samples collected in controlled
zone. Agglomerate #2 therefore appears likely to be a product of the diesel combustion
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process from equipment in the sampling zone. The attached Na particles represent the
dust in the uncontrolled zone whereas S is likely to be from the engine.
As for agglomerate #1, projected measurements were difficult to obtain as some
of the volatile primary particles evaporated while EDS mapping was underway.
However, the combined results and observations of morphological and EDS mapping
make it likely that agglomerate #2 did not have a combustion source.
5.5.3.2. Energy-dispersive X-Ray spectroscopy (EDS). EDS sampling was
conducted on a number of samples from each of the controlled zone and the uncontrolled
zone tests. The EDS results for several of the chain-link agglomerates are shown in
Figure 5.19.

50nm

a

b

Figure 5.19. EDS results of circled chain-like agglomerates: a) Energy spectrum
controlled zone personnel carrier (Tomcar). b) TEM image at 2M magnification. c, e, g)
Energy spectrum general mining activity. d) Fragmentation at ELPI+ stage #6. f) STEM
SE image at 600k magnification chain-like agglomerate with graphitic structure collected
in mining activity test. h) Fragmentation at ELPI+ stage 6, STEM SE image at 200k
magnification. i) Energy spectrum controlled zone HD 975. j) STEM BF at 200k
magnification.
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Figure 5.19. EDS results of circled chain-like agglomerates: a) Energy spectrum
controlled zone personnel carrier (Tomcar). b) TEM image at 2M magnification. c, e, g)
Energy spectrum general mining activity. d) Fragmentation at ELPI+ stage #6. f) STEM
SE image at 600k magnification chain-like agglomerate with graphitic structure collected
in mining activity test. h) Fragmentation at ELPI+ stage 6, STEM SE image at 200k
magnification. i) Energy spectrum controlled zone HD 975. j) STEM BF at 200k
magnification. (cont.)
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Figure 5.19. EDS results of circled chain-like agglomerates: a) Energy spectrum
controlled zone personnel carrier (Tomcar). b) TEM image at 2M magnification. c, e, g)
Energy spectrum general mining activity. d) Fragmentation at ELPI+ stage #6. f) STEM
SE image at 600k magnification chain-like agglomerate with graphitic structure collected
in mining activity test. h) Fragmentation at ELPI+ stage 6, STEM SE image at 200k
magnification. i) Energy spectrum controlled zone HD 975. j) STEM BF at 200k
magnification. (cont.)

Figure 5.19 c and d depict EDS energy spectrum and STEM BF image of a
sample from the uncontrolled zone (ELPI+ stage #6, cutoff point 0.154 um) 2M
magnification. The ratio of 9.2 between C Ka alpha O Ka is noteworthy. The Cu L and Si
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Ka peaks were consistent and the result of copper TEM grids and substrates. STEM BF
image showed some fragmentation of larger agglomerates (fragment is circled). TEM
image analysis showed a primary particle with layered graphitic structure.
Figure 5.19 e and f depict EDS energy spectrum and STEM SE image of
uncontrolled zone (ELPI+ stage #6, cutoff point 0.154 um) at 600K magnification. The
ratio of 6.5 between C Ka alpha O Ka net counts is noted. The Cu L and Si Ka peaks
were similar to the other samples. TEM image analysis once again shows a primary
particle with a layered graphitic structure.
Figure 5.18 g and h show EDS results of chain-like agglomerate from
uncontrolled zone collected at stage #6 of ELPI+. Similar morphological and elemental
results were observed with a C/O net counts ratio of 9.5. Fragmentation of larger
agglomerates was observed.
Figure 5.19 i and j show the EDS elemental results with a C/O net count ratio of
7.5. This sample was collected in the controlled zone tests while the HD diesel Eimco
975 was operating. Image analysis indicates an agglomerate containing primary particles
with layered onion-shell graphitic structure. Signs of fragmentation are evident (Figure
5.19 j) and are an artifact of using ELPI+ impactor.
Park et al. (2004) also noticed fragmentation of larger particles while using the
multi-stage impactor during sampling. The C Ka alpha O Ka ratio for agglomerates was
in the range of 6.5 to 9.5.
5.5.4. Interaction of Dust and Chain-Like Agglomerates. Agglomerates
caught in higher stages of the ELPI+ during general mining activities were also analyzed
to investigate the interaction of dust and agglomerates interface. The larger particles
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generated by mining activity seem to indicate surface interaction with volatile carbon
agglomerates. Figure 5.20 shows the elemental structure of dust-generated agglomerates
with high net counts of Na, O, Si and C. The diesel agglomerate appears to attach to the
dust particles and travel in the mine atmosphere as they age. Aged agglomerates also
collide with other diesel agglomerate and create larger chain-like agglomerate that are
then captured in higher stages of the ELPI+.

Figure 5.20. Elemental structure of a large particle generated during mining activity.

The C net counts seen on the surface and around the perimeter of the particle are
similar to the agglomerate discussed in Figure 5.18. Most of the observed C was at the
agglomerate interface, was volatile and was susceptible to beam damage.
Figure 5.21 shows the energy spectrum of the elements where higher counts of
dust related elements appear.
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Figure 5.22 shows a large carbon-rich agglomerate which was attached to a large
dust particle and, as a result, was deposited in higher stages of the ELPI+. During image
analysis, significant beam damage and particle evaporation was noticeable. The volatile
primary particles with amorphous structure were observed where the primary particles
with graphitic structure were stable and not as susceptible to beam damage. Evaporation
of volatile carbon at the interface of dust and chain-like agglomerate was also observed in
Figure 5.15 (c) and (d).

Figure 5.21. Energy spectrum of the agglomerate collected on ELPI+ stage #14.

Figure 5.23 shows the morphological, elemental and chemical structure of several
particles. Damage was observed occurring to the volatile carbon rich agglomerate during
EDS analysis. The dust particle had high net counts of Mg, Si, and Al and, therefore, was
likely a product of mining activity. The C net counts observed around the surface of the
dust particle are similar to what was seen in other samples.
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Figure 5.22. Interaction of chain-like carbon rich agglomerates with large dust particle
collected during regular mining activity.

5.6. CONCLUSION
Sampling in an uncontrolled zone was conducted in order to provide insight to
agglomerates present where diesel equipment was performing multiple tasks. The
samples collected in the uncontrolled zone were used identify the differences between the
characteristics of agglomerates including age, physical attributes, morphological and
elemental attributes. High resolution S/TEM imaging along with EDS elemental mapping
results were used to identify the likely source of agglomerate which were attached to
entrained dust particles.

170

Figure 5.23. EDS elemental net counts.

The results from size and mass distribution analysis showed that entrainment dust
due to movement of diesel equipment mainly contributed to high mass concentrations
ranging from 10 µm to 30 µm. Diesel generated submicron particulates in nucleation and
agglomeration modes were fitted in single modal and bimodal distributions. Fresh
aerosols were generally well fitted by single mode distributions while aged aerosols were
in some cases bimodal.
Electron microscopy analysis was used to determine three types of carbon-rich
primary particles in the collected samples. The three categories consisted of carbon-rich
primary particle with graphitic structure, amorphous, and primary particles with catalyst.
The source of the graphitic structure with catalyst was identified as diesel particulate
from an SMF-AR filter undergoing active regeneration. The diameter of primary particles
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with amorphous structure fitted in a bi-modal distribution. The sampling conditions and
sources were analyzed separately. The results indicate that all five HD equipment,
independent of Tier configuration, are sources of amorphous particles. Tomcar powered
by Daihatsu DM950TH (EPA Tier 2), 25 kW (33 HP) personnel carrier with the mean
𝑑𝑝 value of 16 nm and s = 3.5 nm was identified as an LD vehicles’ source of amorphous
primary particles.
The EDS results along with morphological attributes were used to identify the
likely source of chain-like agglomerates attached to the large dust particles. Beam
damage caused the evaporation of volatile compounds, which tended to cover large dust
particles. EDS results show that the diesel chain-like agglomerates with high C/O net
counts ratio and significantly low net counts of dust and mining environment elements
such as Na, Si, Fe, K and S. High magnification TEM imaging showed a graphitic
structure of primary particles. However, chain-like agglomerates with amorphous
primary particles were susceptible to beam damage and EDS results for these
agglomerates showed high C net counts and equal or slightly lower Na, Si and K. The
conclusion is that these agglomerates were not likely to be the product of diesel
combustion.
The EDS results show that the typical elements (Na, S either from fuel or not, Si)
were observed in lower stages of ELPI+. The elements were observed at very low net
counts during control zone test and higher net counts during regular mining activity due
to the presence of dust. Signs of fragmentation were observed in both controlled zone and
regular mining activity samples. High C/O net counts ratio for chain-like agglomerates
varied from 6.5 to 9.6. Most of the chain-like agglomerates appeared to have chain-like

172
primary particles with graphitic structure. The interaction of dust and volatile chain-like
agglomerate at higher stages of ELPI+ multi-stage impactor showed amorphous carbon
rich particles tend to be present at the interface of dust and chain-like agglomerates. The
primary particles at the interface with large particles were sensitive to beam damage and
evaporated during EDS mapping.
Uncontrolled zone sampling during mining activity provided valuable data to
compare the results with controlled zone sampling and investigate:


The interaction of carbon rich agglomerates at the interface with large dust
particles.



Identifying chain-like agglomerate with a source other than diesel engine



The morphological differences between primary particles of agglomerates



Identify the source of agglomerate with catalysts
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6. SUMMARY AND CONCLUSION

Heavy duty and light duty diesel engine equipment are an essential component of
underground mining. The exhaust emissions in the mine atmosphere are regulated by
MSHA at 160 µg/m3. The gravimetric methodology developed by NIOSH (NIOSH 5040)
is used to collect the sample media. These samples are then analyzed in regional
laboratories to determine organic and elemental carbon. The presence of non-diesel
sourced organic carbon in the sampling atmosphere could skew the results. In order to
investigate the source of collected DPM agglomerates, size segregated sampling and
scanning electron microscopy analysis were used. DPM has a complex nanostructure
consisting of primary particles in mostly chain-like agglomerates.
An underground mine environment was chosen to conduct the research in order to
investigate the interaction of mine-specific particles with DPM. A sampling methodology
was designed to collect the samples for visual analysis using an ELPI+ multi-stage
impactor. ELPI+ was used for real-time measurement simultaneously. FMPS real-time
reading was used to measure particle size, mass and number concentrations during tests.
ELPI+ sampling process consisted of taping TEM grids on aluminum foils at
various aerodynamic diameter cut off points. Extra foils and spare impactor columns
were prepared above ground and swapped into the impactor during sampling. The above
ground sample preparation reduced the risk of sample contamination due to entrained
particles in the mine atmosphere. Multiple TEM grids were taped on each foil as it
became apparent that TEM grids could be damaged during the un-taping process. The
recovered grids were then taken to a specialized lab and examined using scanning
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electron microscopy. S/TEM analysis was conducted on TEM grids recovered from the
same foil. A total of 266 agglomerates were sampled and analyzed for this research. The
EDS and S/TEM analysis results show that TEM grid position on the foil did not have
major impact the imaging and elemental composition.
Scanning transmission electron microscopy approach was used to conduct image
analysis on the collected grids. Combination of imaging approaches was used to obtain
improved physical and projected parameters. Bright field, dark field and secondary
electron images were taken and used in morphological analysis. The multiple imaging
approaches with their respective attributes proved to be essential to performing the
analysis. High contrast dark field was used during the EDS spectral images as DF images
are produced by electrons that have passed through the agglomerates. Bright field images
provide better insight into the structural character. Secondary electron images were used
to study the surface morphology of the primary particles.
Morphological analysis was conducted using Gatan Digital Microgrph 3 software.
The physical properties of agglomerates were obtained using multiple images. Primary
particle diameter and count, maximum length and width were measured. Statistical
analysis was conducted on primary particle dimeters, fractal dimension and shape factor
for collected agglomerates. Projected values were then calculated for agglomerates. The
projected area diameter of agglomerates derived from S/TEM analyses was used in
parallel with mobility diameter of particles collected with FMPS. The physical
parameters and projected values were used to compare the agglomerates and classify
them with respect to likely engine source. Chemical composition analysis was done using
EDS on dark field images to characterize the elemental composition of agglomerates.

175
Volatile carbon components typically evaporated during image analysis, most notably
during EDS mapping.
The sampling was conducted in two stages. A controlled zone was configured in a
separate ventilation split where the airflow was controlled and monitored using an
independent fan. This allowed for isolation of specific equipment within the zone as the
primary DPM emission source. The controlled zone was used to examine the
effectiveness of four emission control strategies. Upstream and downstream sampling
stations were used to measure and collect samples at a controlled ventilation rate. Size
distribution, mass concentration, and morphological attributes such as fractal dimension,
shape factor and diameter of primary particle were analyzed for each control strategy. In
addition, HD and LD particle morphological classification was examined.
The first control strategy evaluated was equipment replacement. The comparison
was between a new personnel carrier and a retired personnel carrier. The new personnel
carrier had a reduction of 90 percent in mass concentration compared to the retired
carrier. The primary particle diameter was lower in the case of new personnel carrier at
21.59 nm compared to 25.15 nm for the retired personnel carrier. FMPS readings showed
the new personnel carrier had a single mode distribution whereas, for the retired engine, it
varied between single mode and bi-modal distributions. The number size distribution for
the agglomerates measured by S/TEM analysis were primarily in the nuclei and
accumulation range. The Dprojected number size distribution was different than that of
FMPS due to evaporation of smaller than 25nm volatile and semi volatile particles. A
fractal dimension of 1.53 to 1.67 for the retired carrier and 1.9 to 2.0 for the new carrier
was calculated. The shape factor analysis showed that the retired personnel carrier
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agglomerates were elongated and long-chained compared to the new carrier agglomerates
which were more spherical and normally distributed.
The effectiveness of retrofitted SMF-AR filtration control strategy with the active
regeneration system was evaluated at 97 percent based on mass concentration of EC. The
primary particle diameter measured higher when SMF-AR was engaged. Shape factor
analysis results were similar for both tests with a median shape factor of 0.62. The fractal
dimension based on Lmax analysis showed lower than usual Dfl for the samples collected
with SMF-AR engaged which suggest more chain-like agglomerates with SMF-AR in
operation. During morphological analysis, traces of small catalyst particles were observed
on the agglomerates collected during the SMF-AR tests. The mobility and Dprojected
distribution analysis showed normally distributed particulate counts. The size distribution
curves showed higher count median diameter when the SMF-AR was bypassed. Low
numbers of agglomerates were analyzed in the nuclei range. This could be due to thermal
treatment of SMF-AR which resulted in desorption of volatile and semi-volatile
components or due to the beam of electrons during S/TEM imaging that resulted in
evaporation of such particles.
The effectiveness of Disposable Filter Elements was evaluated during two tests
where the filter elements were taken off the scrubber system. The gravimetric results
showed an effectiveness of 95 percent reduction in EC mass concentration. The fractal
dimension analysis results showed the Dfl with DFEs in scrubber calculated at 1.86 and
was lower than that without DFEs. The results showed values of shape factor (measured
at 0.6) and primary particles diameter were similar for both tests. The 𝑛𝑝 for both tests
measured to be similar at approximately 24 nm. The size distributions obtained by FMPS
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were normally distributed with most of the particulates in the accumulation range. The
Dmobility and Dprojected size distribution plots were in reasonable agreement and normally
distributed with the similar measured CMD. The CMD for the test without DFEs was
higher than that with DFEs. The mass concentration sampling results showed that the
DFE efficiency improved during the test.
Engine upgrade was also evaluated as one of the control strategies. The
effectiveness of 99 percent reduction in mass concentration was measured during forklift
tests with Tier IVf engine and DPF. FMPS results showed background air concentration
was higher than the emitted particles suggesting the effectiveness of Tier IVf engine. The
size distribution obtained by FMPS showed the single mode distribution for Tomcar test
mostly in agglomeration mode. However, a bimodal distribution was observed during
forklift test. Higher number concentration was observed in lower stages of ELPI+
impactor during Tier IVf test. The primary particle diameter of agglomerates collected
during Tomcar test was lower compared to forklift test. The fractal dimension and shape
factor analysis showed lower values compared to Tomcar suggesting more chain-like
agglomerates for the forklift with a Tier IVf engine.
All four control strategies were shown to be effective with reductions of over 95
percent. It can be concluded that power relation, Lmax ~ kDαprojected ~ kDαmobility , for the
agglomerates collected in various tests is independent of control strategy and more likely
depend on the engine configuration. Values obtained for α were 1.18 for LD test, 1.16 for
SMF-AR and 1.01 for DFE test.
The overall comparison of physical and projected morphological results for HD
equipment showed higher primary particle diameter, fractal dimension and shape factor
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as well as higher number concentration with single modal size distributions measured by
FMPS. In addition, size distribution for HD engines showed the equipment with newer
engine technology emitted smaller particles (lower CMD) and high number
concentrations. The size distribution for LD equipment was single mode and normally
distributed and higher CMD measured for lower Tier engines compared to Tier 3
technology. Bi-modal overall shape factor was measured for LD equipment compared to
HD agglomerates.
The second stage of this research was sampling in an uncontrolled zone. The
samples were collected while several pieces of diesel equipment were performing typical
mining tasks under various engine loads. The collected samples were used to investigate
the interaction of DPM with the larger particles in the mine atmosphere. In addition, the
distribution and morphological analysis results were used to identify the source of the
particulates. The uncontrolled zone study consisted of sampling over six two-hour
periods. The mass and number concentration samples from the controlled zone showed
that the use of HD LHDs equipped with DFE control strategy resulted in higher mass and
lower number concentrations.
The number and mass distributions measured by ELPI showed two or three modes
for the sampled particles. Aged particulates which were generated far from sampling
station were mostly in the agglomeration mode, whereas freshly generated particles in
nucleation and agglomeration mode revealed sizes ranging from 27nm to 166 nm. As a
result of aged and fresh particle, single and bimodal number distribution was measured
during six tests. The Dprojected size distribution obtained from 35 diesel agglomerates was
normally distributed with a higher mean value due to larger dust particles collected on
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TEM grids. Diesel agglomerates attached to larger dust particles were observed on higher
stages of ELPI+. The number and mass concentration was significantly higher when
diesel equipment was operating closer to the sampling station. A fractal dimension of
1.87 to 2.01 and scattered shape factor value was determined for the collected
agglomerates. A general characterization of aerosols can be obtained in situations like the
uncontrolled zone with multiple operating diesel engines and high dust background. The
uncontrolled zone sampling showed the limitations of using physical measurement and
projected imaging analysis.
Additional morphological analysis was used to identify the source of the
agglomerates. Categorizing the primary particles for 260 agglomerates did not indicate it
was possible to identify the source of the agglomerates. Three main categories were
observed during analysis of 260 agglomerates examined, 227 agglomerates were
identified as having chainlike agglomerates with graphitic structure. The second category
was chainlike agglomerates with catalyst traces, observed in 28 samples collected while
SMF-AR was in operation. The third category was chainlike agglomerates with an
amorphous structure.
Further analysis showed that primary particle diameter for amorphous structure
particles followed a bimodal distribution with mean value of 11.5 nm and 25.4 nm. The
source of amorphous samples in the controlled zone was HD LHD equipped with all Tier
configurations. Also in the controlled zone, Tomcar (Tier 2 with DOC) and the retired
personnel carrier (Tier 0) were LD contributors of amorphous agglomerates. Four counts
of amorphous samples were taken in the uncontrolled zone, two of which were collected
while HD LHD was in operation. This is in agreement with results taken from the
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controlled zone. Categorizing carbon rich primary particles was useful for source
identification of agglomerates.
Chemical composition analysis was used to improve the source identification
process. EDS mapping on DF images showed the elemental composition of
agglomerates. Volatile organic particles evaporated during this process whereas EC
stayed stable. EDS results on diesel agglomerates collected in the controlled zone were
analyzed and showed traces of C, O and Cu resulting from copper TEM grids. The
approach was able to confirm the volatility of the interface between a dust particle with
high counts of Na, Si and Mg and chainlike agglomerate. A diesel source can be
identified by using EDS if the following were observed while plotting the energy
spectrum across the entire agglomerates: reduction of mine based elements (Na, Si and
Mg) net counts, steady high C net counts, possible traces of S and non-volatile primary
particle with graphitic or amorphous structure.
The results from this research showed gravimetric approach fulfill the
requirements for compliance purposes. However, the non-diesel carbonaceous particles in
the mine air also are sampled and impact the gravimetric results. The results from size
segregated sampling and EDS analysis showed chain-like agglomerate with sources other
than diesel which would not have identified without underground experiment. This
research contribution to the body of knowledge was to characterize agglomerates
associated with various engines and source apportionment in an underground mine
atmosphere.
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7. RECOMMENDATION OF FUTURE WORK

This study was composed of two stages in an underground environment.
Laboratory tailpipe tests only represent engine emission and do not necessarily indicate
the particles that will be found in mine atmosphere. The materials in the mine
atmosphere interact with diesel particulate where they can then form larger
agglomerates.
The controlled zone sampling results were used to identify the effectiveness of the
controlled strategy and generate a baseline for various engine types. The sampling
conditions were reasonably stable, however the background concentration of entrained
dust particles was noticeable during image analysis. The fresh DPM particles in
controlled zone environment had minimal interaction at low concentrations of dust.
Under these conditions, gravimetric sampling results showed high effectiveness of
control strategies. However, the gravimetric approach needs refinement if the sampling
conducted in atmosphere with non-diesel related carbonaceous particles are present, as
the presence of organic carbon would impact the total carbon concentration.
Four control strategies were evaluated in this research. In all cases, effective
reduction in emission concentrations was measured. The impacts of each strategy on
physical and projected morphological parameters were evaluated. Additional sampling is
required to investigate the morphological impact of various strategies with other types of
engines. It is recommended to conduct sampling on heavy duty machines equipped with
Tier IVf engine and DPF, study the impact of DFEs manufactured by different supplier
and investigate the impact DOCs on agglomerates nanostructure.
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The carbon-rich primary particles could be used to identify the source of
agglomerate and whether it was generated by a diesel engine. The agglomerates with
graphitic structure were generated by diesel source. The single catalyst trace on the
agglomerate generated where SMF-AR was engaged was used to identify the source.
However, additional sampling is required to investigate the sources of agglomerates with
amorphous structure.
Morphological analysis was used to characterize the diesel agglomerates.
However, in an uncontrolled zone, chemical composition analysis with EDS is necessary
to identify the source of the agglomerate. The energy spectrum of nanoparticle elemental
traces during EDS mapping could indicate the origin of the particle. The physical and
projected properties of the agglomerates were not adequate to identify the source in an
environment where carbonaceous particles other than DPM are present. Additional EDS
analysis is recommended to study the interaction of aged diesel particles with larger dust
particles. Specifically sampling the chain-link carbonaceous amorphous agglomerates at
the interface of larger dust particles during EDS mapping is recommended.
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